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PREFACE 


Since  July  I.  1975.  Lawrence  Livermore  Laboratory  (LLL)  has  been  participating  in  the  High  Altitude 
Pollution  Program  sponsored  by  the  U.S.  Department  of  Transportation's  Federal  Aviation  Administration. 
This  report  describes  the  major  accomplishments  and  significant  findings  during  the  fiscal  year  ending  Sep- 
tember 30.  1977.  for  work  performed  at  LLL  under  Reimbursable  Agreement  DOT-FA76WAI-653.  There 
are  two  major  research  areas  covered  by  this  agreement:  (1)  numerical  modeling  of  the  atmospheric  response 
to  stratospheric  perturbations,  and  (2)  the  processing,  archiving,  and  analysis  of  satellite  ozone  data.  Fach  of 
these  research  areas  has  been  divided  into  a number  of  subtasks,  and  the  successful  accomplishment  of  these 
subtasks  has  required  contributions  and  cooperation  from  many  participants.  The  work  reported  here  should 
be  considered  the  collective  effort  of  all  those  listed  below. 
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ANNUAL  REPORT  OF  LAWRENCE  LIVERMORE 
LABORATORY  TO  THE  HIGH  ALTITUDE 
POLLUTION  PROGRAM— 1977 


1.  INTRODUCTION 


The  High  Altitude  Pollution  Program  (HAPP) 
was  initialed  by  the  Federal  Aviation  Administra- 
tion to  ensure  that  aircraft  engine  emissions  in  the 
stratosphere  will  not  result  in  unacceptable  effects 
on  the  biosphere.  Lawrence  Livermore  Laboratory 
(LLl.)  has  participated  in  HAPP  since  July  1975. 
The  primary  research  emphasis  at  LLL  is  on 
numerical  modeling  1 1 the  atmospheric  response  to 
stratospheric  perturbations.  The  modeling  effort  at 
LLL  covers  four  major  research  areas: 
photochemical  kinetics,  coupled  kinetics  and 
transport,  radiative  transler.  and  meteorological 
analysis. 

A fundamental  tool  in  the  LLL  effort  has  been 
the  one-dimensional  transport-kinetics  model.  This 
model,  which  includes  as  complete  a set  of  the  im- 
portant chemical  and  photochemical  reactions  as  is 
feasible,  is  designed  for  time-dependent  perturba- 
tion and  sensitivity  studies.  The  model  includes  28 
chemical  species  and  83  chemical  and 
photochemical  reactions.  Species  concentrations  are 
computed  at  44  levels  in  the  atmosphere,  extending 
from  the  ground  to  an  altitude  of  55  km.  The  model 
uses  an  accurate  numerical  method  for  solving  stiff 
systems  of  differential  equations.  Vertical  transport 
is  parameterized  using  a one-dimensional  diffusion 
formulation  which  describes  hemispheric-average 
net  vertical  transport  by  an  altitude-dependent  dif- 
fusion coefficient.  The  model  can  include  tem- 
perature coupling  between  changes  in  composition 
and  reaction  rate  coefficients. 

During  the  past  year  we  improved  this  one- 
dimensional model  by  adding  multiple  scattering  ef- 
fects to  the  photodissociation  rate  calculation  and 
by  developing  a more  accurate  method  for  incor- 
porating diurnal  averaging.  We  also  directed  con- 
siderable attention  to  the  problem  of  evaluating  the 
effect  that  changes  in  key  chemical  rate  coefficients 
(as  a result  of  new  measurements)  have  on  the 
model's  sensitivity. 

In  addition  to  the  one-dimensional  model,  we  are 
in  the  process  of  developing  a two-dimensional 
transport-kinetics  model. 

Support  for  model  development  is  shared  be- 
tween HAPP  and  another  project  at  LLL  involving 


assessment  of  the  chemical  and  climatic  effects  of 
atmospheric  nuclear  explosions.  The  latter  project  is 
funded  by  the  Division  of  Military  Application 
(DMA)  of  the  Department  of  Energy.  Although  the 
same  numerical  models  are  used  for  both  studies, 
the  applications  of  the  models  are  quite  different. 
For  example,  the  study  of  the  climatic  effect  of 
nuclear  explosions  is  primarily  concerned  with  the 
time-dependent  response  of  the  atmosphere  to  pulse 
injections  of  NOv  whereas  the  HAPP  study  is  con- 
cerned with  steady-state  injections  of  NOv  Work 
relating  to  model  development  or  refinement 
benefits  both  projects,  and  consequently  such  work 
has  been  divided  between  the  two  projects.  In  this 
way  each  project’s  sponsor  benefits  from  the  par- 
ticipation of  the  other  sponsor. 

In  August  1976,  LLL's  participation  in  HAPP 
was  extended  to  include  the  processing,  archiving, 
and  analysis  of  global  ozone  data  derived  from  a 
new  series  of  Air  Force  meteorological-satellite  sen- 
sors: the  cross-track-scanning  multifilter  radiometer 
sensors.  The  Satellite  Ozone  Analysis  Center 
(SOAC)  was  formed  at  LLL  for  the  purpose  of 
producing  high-quality  total-ozone  data  based  on 
radiance  measurements  made  with  the  new  satellite 
sensors.  The  goal  is  to  develop  a capability  for 
producing  daily  maps  of  total  global  ozone  that  can 
be  made  readily  available  to  the  scientific  com- 
munity. Our  initial  task  is  to  demonstrate  the 
feasibility  of  obtaining  good  ozone  data  from  the 
satellite  measurements.  To  do  this  we  must  first 
develop  a satisfactory  method  for  converting  the 
satellite  measurements  to  total  ozone  data.  We  plan 
to  assess  the  quality  of  the  resultant  ozone  data  by 
comparing  it  in  detail  against  corresponding  Dob- 
son ozone  data  obtained  at  selected  stations  in  the 
world  surface  network  of  Dobson  observatories. 
This  feasibility  study  is  scheduled  for  completion  by 
June  1978. 

In  this  annual  report  we  describe  LLL's  major  ac- 
complishments and  findings  in  HAPP  studies  since 
July  1 . 1976.  Earlier  HAPP  work  is  described  in  our 
First  Annual  Report  (Luther  et  al.  1976).  In  the 
present  report  we  emphasize  the  results  in  the  at- 
mospheric modeling  area  and  limit  our  discussion 
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of  the  SO  U project  to  a description  of  the  satellite 
multifilter  radiometer  sensor  and  a summarv  of  the 


major  tasks  and  objectives  The  results  ol  the  SOAt" 
I'easibilit)  studs  will  be  described  in  a later  report 


2.  RESEARCH  ACTIVITIES:  TRANSPORT  KINETICS 
MODELING,  PHOTOCHEMICAL  KINETICS, 
AND  RADIATIVE  TRANSFER 


' i 


i 


I 
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Because  of  the  complex  nature  of  the  work,  most 
of  the  research  tasks  represent  the  combined  effort 
of  several  scientists  rather  than  individual  contribu- 
tions. It  is  not  possible  to  separate  the  tasks  by 
research  area  or  scientific  discipline  because  of  the 
team  approach.  Most  of  the  work  described  below 
has  been  or  is  in  the  process  of  being  submitted  for 
publication  in  technical  journals. 


where  n,  is  the  concentration  of  species  i at  time  t 
and  altitude  z.  E(n,)  is  the  net  vertical  transport  flux. 
P;  and  L,n,  are  the  nonlinear  chemical  and 
photochemical  production  and  loss  rates,  and  S,  is 
the  net  production  or  loss  rate  due  to  an\  other 
process.  If  Eq.  (1-1)  is  averaged  over  a time  period  T 
(here  assumed  to  be  24  hours)  which  is  ver>  small 
compared  to  the  time  scale  of  the  problem  of  in- 
terest. then 


2.1  A Fully  Diurnal-Averaged  a- 

Model  of  the  Stratosphere  -3T  = -SrFOO  + P,  - Ln,  + S=  . (1-2) 

ot  OZ  1 1 III 


An  outstanding  question  in  the  formulation  of 
stratospheric  chemical  kinetics  models  is  the  proper 
averaging  procedure  for  photochemical  reaction 
rates  involving  diurnalh  varying  chemical  species. 
We  have  developed  a fully  diurnal-averaged  mode) 
(DAM)  that  is  consistent  with  our  diurnal  model 
(DM).  B\  definition,  these  two  models  are  consis- 
tent if  the  average  tracer  concentration  from  the 
diurnal-averaged  model  is  the  same  as  the  diurnal 
average  of  the  time-dependent  solution  from  the 
diurnal  model,  and  if  all  the  corresponding 
averaged  photochemical  reaction  rates  are  also 
identical.  With  the  DM  model  we  can  calculate  rele- 
vant details  and  compare  the  results  with  at- 
mospheric measurements,  and  with  the  DAM 
model  we  can  study  the  long-term  atmospheric 
response  to  any  perturbation.  To  study  this  latter 
class  of  problems  with  the  DM  model  would  not  be 
economical.  A computation  procedure  has  been 
devised  to  assure  the  total  consistency  between  these 
two  models  under  all  given  conditions. 


with  the  bar  representing  the  following  averaging 
process: 

J+T/2 

d = Y / 0(z.t')  dt'  . 

A-T/2 

The  net  vertical  flux  F(n,)  is  usually  represented 
by 

F("i ) = -V  £<n ,/p), 

where  K/  is  the  one-dimensional  diffusion  coef- 
ficient and  f)  is  the  air  density.  Because  K/  and  i>  are 
independent  of  n;  in  this  approximation,*  the  net 
vertical  flux  F(nj)  is  a linear  function  of  nr  f urther- 
more. since  K,  and  />  are  assumed  to  be  independent 
of  lime,  i.e.,  to  have  no  variation  over  the  averaging 
period,  we  have 


Model  Description 

We  shall  limit  our  discussion  to  the  one- 
dimensional model  since  this  is  our  current  develop- 
ment. I he  procedure  described  is  directly  applicable 
to  two-dimensional  models.  In  a one-dimensional 
model  of  the  stratosphere,  the  continuity  equation 
for  a specific  trace  species  i is 


F(ni)  = _K*P  |r(IVp)  = -K/p  h{nJp)  = 1(ni)  • 

The_source  function  Sj  is  usually  well  defined, 
hence  Sj  is  easily  computed.  Equation  (1-2)  will  be 
self-consistent  if  we  can  express  the  nonlinear  ex- 
pressions in  Pj  and  Ljnj  in  terms  of  nt.  f ortunately, 
Pj  and  l.jnj  are  both  linear  sums  of  terms  in  the  form 
of  the  typical  two-body  chemical  kinetics  reactions 


dn 

I 

at 


F(nj) 


P - L n 

i i i 


+ S; 


(l-l) 


•It  Is  true  that  K , ma>  be  derived  from  some  known  n,  distribu- 
tions. Bui  once  It  is  derived  ihe  l-l)  model  assumes  k , as  a fixed 
input  variable 
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Kyii.n,  or  the  photodissociation  reaction  J,n,.  The 
kinetics  reaction  rate  coefficient  k,t  may  he  a func- 
tion ol  /.  hut  not  of  n,  or  n,  W e define  the  diurnal 
weighting  factors  <!„(/)  and  d,(/)  by 

and 

J,n,  = fl,  I,  n, 

Since  k„  is  defined  and  is  independent  of  time,  we 
have 

q = nn  n n 

n i j ’ I j 


NO.  HO,.  C l,  CIO.  HO.  HO,,  etc  also  have  strong 
diurnal  variations  I or  the  DAM.  i c . fq  1 1 - 3 > and 
the  appropriate  averaged  initial  and  hound. iry  con- 
ditions. all  the  photodissociation  rates  are  constant 
on  the  diurnal  time  scale  All  solutions  of  I q ( I-.') 
represent  averaged  concentrations,  i c..  thev  exhibit 
no  diurnal  variations.  Vs  such,  solutions  ol  fq  ( I- 
3)  are  not  directly  comparable  to  main  atmospheric 
measurements.  Most  atmospheric  data  .ire  taken 
under  daytime  conditions  or  during  sunset  or 
sunrise,  f or  the  present  model  it  is  quite  simple  to 
recover  the  time-dependent  solution  (DM  model! 
from  the  averaged  solution  (DAM  model)  In  the 
derivation  of  o's  and  d's  a third  set  of  variables  *> ,'s 
can  he  defined. 


and 

0,  = J."i  / l ", 

1 he  computation  of  photodissociation  rales  has 
always  been  an  expensive  part  of  stratospheric 
model  calculation,  hence  7/s  are  expensive  to 
evaluate  in  the  DAM  model.  If  we  define  d,  by 

^ = j 7, 1 (Con  "i) . 

then  the  computation  in  the  DAM  model  will  be 
significantly  simplified  Using  the  results  from  a 
diurnal  model  we  can  determine  ii(nr  ii,.  ii . 
.1'!'""’  so  that  <>„  and  d,  can  be  obtained  for  every 
chemical  and  photochemical  reaction  in  the  model. 

I smg  the  o's  and  d's  evaluated  from  the  diurnal 
model,  we  can  now  write  I q.  (1-2)  in  terms  of  the 
diurnal-avernged  concentrations  ii,. 

= - V • Kn,)  + PCo.tI.Tri.TTk.Klj.Jj,0°") 

-L1(a.d.Km,j;""’n.nm)n,  ♦ 5,  . (1-3) 

where  j . k.  m are  taken  to  represent  species  usually 
different  from  i formally.  I qs.  (1-1)  and  (1-3)  are 
identical  in  form  except  that  every  reaction  rate  in 
l q (1-3)  is  multiplied  by  an  n or  ft  factor  deter- 
mined from  the  solutions  of  l q.  (1-1). 

I he  DM  consists  of  fq.  ( I - 1 ) and  its  associated 
boundary  and  initial  conditions  In  this  model  the 
photodissociation  rate  coefficients  vary  throughout 
the  day  and  vanish  at  night,  and  the  local  concentra- 
tions of  many  trace  species  such  as  Of  1 1>).  0(  'P). 


C onsequently,  given  any  n,  from  the  DAM  model, 
the  corresponding  noontime  concentrations  can  he 
obtained  through  a simple  multiplication,  and  this 
ni]"on  can  he  used  as  the  input  condition  to  the  DM 
model  to  obtain  the  corresponding  time-dependent 
diurnal  solution. 

In  this  formulation  of  the  D AM  model,  it  is  im- 
plicitly assumed  that  the  diurnal  weighting  factors 
arc  essentially  constant  even  though  the  individual 
concentrations  ii,.  hence  the  corresponding  n,.  may 
vary  considerably  in  magnitude.  This  assumption  is 
valid  if  the  functional  shapes,  i.c..  the  periodic  func- 
tions representing  the  individual  diurnal  trace- 
species  concentrations,  are  not  sensitive  to  varia- 
tions in  the  absolute  magnitude  of  the  concentra- 
tions This  simple  fact  can  be  directly  verified  with 
the  DM  model  through  the  iteration  procedure  out- 
lined in  fig.  I.  Given  initial  estimates  of  o's  and  d's. 
we  can  use  the  DAM  and  DA  models  alternatively 
to  assure  that  the  o's  and  ft's  and  it's  are  indeed  con- 
sistent for  any  given  atmospheric  condition  Since 
this  only  involves  a few  diurnal  cycles  with  the  DM 
model  at  a judiciously  chosen  juncture  of  the 
calculation,  the  full1  iteration  procedure  is  rather 
economical.  In  fact,  in  the  present  calculations  in- 
volving the  study  of  potential  NOv  and  C'l\  pertur- 
bations in  the  stratosphere,  we  have  found  that  two 
or  at  most  three  iterations  are  sufficient  to  assure 
constancy  of  better  than  a few  percent  over  most  of 
the  stratosphere  for  every  trace  species.  The  only  ex- 
ceptions arc  NO,  and  N,0<  above  40  km  \t  this 
altitude  these  species  play  such  an  insignificant  role 
in  stratospheric  chemical  balances  that  even  major 
errors  in  their  local  concentrations  have  no  signifi- 
cant impact.  Purely  for  the  sake  of  theoretical  con- 
sistency. a study  is  still  proceeding  to  understand 
the  interesting  diurnal  behavior  of  N,Q<  so  that  a 


Estimate  noontime  n's  to  start  problem 


Application,  analysis 


Iteration  procedure  followed  in  the  diurnal  aura^ed  model  il)\\ll. 


better  averaging  procedure  can  be  defined 
specifically  for  N >On  to  reduce  this  local  variation 
in  diurnal  weighting  factors 

Discussion  of  Results 

The  o s and  .Vs  calculated  from  the  diurnal  model 
for  some  of  the  reactions  in  the  model  are  shown  in 
I igs  2 and  .V  These  reactions  were  selected  not 
because  they  are  the  more  important  ones  in  the 
model  but  because  thev  represent  some  of  the  in- 
teresting features  found  in  the  derived  multipliers 
for  kinetic  rates  to  be  used  in  a diurnal-averaged 
model 

If  a reaction  involves  a species  that  does  not  have 
a diurnal  variation  (i  e . the  concentration  is  essen- 
t tails  constant  over  a 24-hour  period),  then  the  n's 
lor  that  reaction  will  be  TO  Therefore,  if  a reaction 
involves  IINOt  or  III  I for  example,  the  weighting 
factor  will  not  change  the  original  reaction  rate 
However,  if  both  reactants  in  a two-body  reaction 
have  diurnal  variations,  the  value  for  n will  be  dif- 
ferent from  I 0 I or  instance,  for  reactions  involv- 


ing two  species  whose  diurnal  variations  are  in 
phase  and  predominant!)  determined  by  photolysis 
ti  e.,  both  having  extremely  small  concentrations  at 
night  relative  to  their  daytime  values  or  vice  versa), 
the  expected  values  for  o would  be  approximately  2 
Thus,  as  shown  in  I ig  2.  the  o's  for  the  reactions 
CIO  + NO  and  HO  + HO.  are  both  approximately 
2 in  the  lower  stratosphere  In  the  upper  strat- 
osphere CIO  does  not  decrease  much  at  night,  and 
the  value  for  o falls  off  sharply.  Above  45  km  CIO 
actually  increases  at  night,  hence  it  is  out  of  phase 
with  NO.  On  the  other  hand,  the  weighting  factor 
for  the  CIONO.  formation  reaction  CIO  + NO-  f 
M varies  exactly  in  the  opposite  manner  as  com- 
pared with  CIO  + NO.  In  the  lower  stratosphere 
CIO  and  NO.  are  out  of  phase  while  above  45  km 
they  are  in  phase  (I  ig  4).  l or  other  important  reac- 
tions such  as  NO.  + O and  NO.  + HO  4 M.  this 
variation  in  phase  relation  is  again  different  The 
diurnal  variations  of  the  reactants  involved  are  very 
much  out  of  phase  both  in  the  lower  and  upper 
stratosphere  These  few  examples  show  quite  clearly 


that  although  the  phase  relationship  in  diurnal 
variations  can  be  used  as  a qualitative  guide  in  ap- 
preciating. the  diurnal  effect  on  net  reaction  rates,  it 
is  by  no  means  adequate.  Due  to  the  complexity  of 
the  chemical  system  only  detailed  calculations  such 
as  are  used  in  our  current  procedure  can  provide  the 
proper  balanced  evaluation.  It  is  to  be  noted  that 
when  diurnally  averaged  concentrations  are  used  in 
the  rate  expressions,  the  weighting  factors  (or 
correction  factors)  can  have  a very  large  effect  on 
some  of  the  reaction  rate  coefficients,  increasing 
them  by  more  than  a factor  of  2 or  decreasing  them 
by  several  orders  of  magnitude. 

figure  3 shows  similar  results  for  the  photo- 
dissociation rate  weighting  factor  d-  Again  there  is  a 
phase  relationship  between  the  variation  of 
pholodissoeiation  rates  and  the  individual  trace- 
species  concentrations.  In  fact  from  Fig.  3 it  is 
quickly  apparent  that  above  35  km  photolysis  is  a 
dominant  mechanism  in  determining  the  local  con- 
centrations of  CIONOy.  NOi.  and  NiOy.  although 
this  is  not  the  case  for  HOi.  A strong  out-of-phase 
relation  with  the  photodissociation  coefficient.  J. 


shows  that  photolysis  is  the  dominant  loss 
mechanism.  From  this  small  sample  of  values  ford, 
it  is  clear  that  no  single  averaged  solar  zenith  angle 
or  simple  averaged  photolysis  rate  coefficients  can 
approximate  the  loss  rales  corresponding  to  even 
this  small  sample  of  photodissociation  rates. 

The  computation  procedure  in  the  limit  ( i.e..  in- 
finite iteration)  is  actually  the  full  diurnal  model. 
Current  experience  indicates  that  a uniform  local 
accuracy  of  better  than  a lew  percent  deviation  can 
be  achieved  with  two  or  three  iteration  cycles.  For 
such  information  as  total  ozone  column  or  total 
NO%.  CIX.  etc.,  one  iteration  would  be  sufficient. 


2.2  Analysis  of  Selected 
Chemical  Rate  Data* 

Our  earlier  work  (Duewer  et  al.  1977b)  identified 
several  reactions  for  which  variations  in  the  rate 
coefficients  have  a significant  effect  on  model  sen- 
sitivity. Reduction  of  the  uncertainties  associated 
•See  Dueler  et  al.  (1977c). 
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with  these  ule  coefficients  would  in  turn  reduce  the 
uneeriunm  .issoei.tied  with  the  model  assessments 
of  the  atmospheric  response  to  stratospheric  pertur- 
bations I or  this  reason  we  have  carefullx  analx/ed 
the  chemical  rate  data  for  these  reactions,  taking 
into  account  recent  laboratorv  measurements  con- 
ducted at  other  laboratories.  Our  analvses  for  these 
reactions  are  given  below 

In  evaluating  an  experimental  measurement,  one 
normallv  lakes  the  precision -bused  standard  devia- 
tion of  the  measurement  as  a lower  limit  to  the  ex- 
pected error  llistoncall) . precision  has  often  been  a 
verv  unrealistic  basis  for  estimating  the  experimen- 
tal error  in  chemical  rate  data,  especiallv  when  the 
measurements  are  indirect  (that  is.  based  on  in- 
ferred concentrations  using  an  assumed  kinetic 
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mechanism  in  an  often  tairly  complex  reaction 
scheme)  See  for  example  the  reviews  of  I lovd 
ill'll.  Baulch  et  al  ti4'2.  If.H.  and  Hampson 
and  tiarvin  il4"'5l  In  cases  where  the  concentra- 
tions ol  reactive  species  are  directly  measured,  the 
precision  max  he  a reasonable  estimate  ol  the  error, 
although  even  m these  cases  disagreements  between 
different  workers,  vv  title  usuallv  small,  are  also  often 
larger  than  those  suggested  bv  precision  alone  tSee 
the  discussion  of  reaction  I'  below.)  In  such  cases 
the  error  between  measurements  bv  different 
workers  max  provide  a reasonable  estimate  of  the 
expected  error  But  for  indirect  measurements 
where  the  concentrations  of  reactive  species  are  in- 
ferred from  a multisiep  mechanistic  model,  large 
systematic  errors  are  more  likclv . and  are  frequently 
encountered  in  the  literature,  as  lor  example  in  the 
reviews  by  Dixon-Lewis  et  al  (14^4).  Baulch  et  al 
(|4'2.  |4'.t).  .nuj  l |0>,j  , |U'4| 

We  analyzed  chemical  rate  data  for  six  reactions 
in  all  reactions  IS.  14.  12.  If.  2b.  and  20 as  specified 
in  Table  I of  our  I irst  Annual  Report  (Luther  el  al 
I fo i Our  analyses  follow 

Reaction  18.  HOj  + MO > • HjOj  + Os 

T his  reaction  acts  as  a sink  for  MOv  radicals,  both 
bv  transforming  them  into  the  "reservoir"  species 
11,0,  and  through  the  reaction  sequence 

HO,  + HO,  - H ,0,  + O,  . 

HO  ♦ H ,0,  - H ,0  + HO,  . 

where  water  is  unreactive  Lhe  available  data  and 
reviews  arc  summarized  in  fig  5 


I his  reaction  has  been  measured  at  only  one  tem- 
perature * 1 he  measurements  of  I oner  and  Hudson 
( I4h2).  Paukert  and  Johnston  t If '2).  and  I lamilton 
(If  M are  in  excellent  agreement  All  of  these  in- 
volved direct  detection  of  HO,  lhe  indirect 
measurement  of  Burgess  and  Robb  tlf'7).  dis 
cussed  in  the  reviews  of  Baulch  et  al  (ll*’2)  and 
I lovd  (1474).  is  thought  to  be  in  error  The 
measurement  by  Hoch. model  et  al  (1472)  involved 
a direct  measurement  of  I UK  like  the  other 
measurements,  but  was  indirect  in  that  the  value  is 
based  on  modeling  a fairly  complex  reaction  system 
llochanudel's  measurement  was  discussed  bv  Kauf- 
man (1475).  I lew d (I4’4).  and  Hamilton  (|4’s) 
Kaufman  and  l lovd  point  out  probable  errors  in 
the  data  analysts,  and  Hamilton  shows  that  this  rate 
constant  appears  to  have  an  anomalous  dependence 
on  water  concentrations,  and  that  this  effect  could 
have  caused  Hoch.tnudel  et  al  to  overestimate  the 
rate  by  about  a factor  of  3. 

* X preliminary  unpublished  measurement  over  a narrow  tern 
perature  range  has  been  reported  bv  <.  v>\  (private  cx'tnmumca 
lion.  W^Hte.k  - I 4 x 10  14  e '*  ) 1 he  large  negative  ac 

Uvatio  cnergv  obtained  lor  this  reaction  is  surprising  it  ma>  m 
volve  Nome  of  the  complications  responsible  lor  the  .momalous 
water  vapor  dependence  observed  tor  this  rate  constant.  since 
these  incomplete!*  understood  processes  might  verv  well  have  a 
strong  temperature  dependence  In  am  case,  u seems  obvious 
that  measurements  ol  this  reaction  oxer  a broad  temperature 
range  are  urgentl)  needed  It  t ov'x  expression  is  exen  approx- 
imate!) valid,  a novel  complex  mechanism  is  implied  lor  this 
reaction  1 his  txpe  ol  mechanism  had  been  suggested  as  a plausi- 
ble occurrence  long  belore  experimental  data  supporting  it  were 
available  (II  S Johnston.  private  communication.  N'bt  \t 
present  \xe  prefer  the  \ \S  \ panel  s recommendation  (Hudson 
but  we  believe  the  unceriamtv  u>  exceed  a faciot  of  * 
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] 
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IjNi  I Calculated  changes  in  lout  ozone  duo  to  an  NO,  injection  as  NO,  in  a I km- thick  layci  of  ait  fot  various 
in (0,110 n alntudcs.  injection  rates,  ami  concentrations  of  OK),. 


Percent  change  in  total  ozone 
calculated  with  following  assumptions: 


NOx  injection  rate 
(molecules  cm  '•») 

Injection 
altitude  (km) 

Chang  (1476)  K,  profile, 

CIO,  concentration  of: 

llunten  (1475)  K,  profile. 
CIO,  concentration  of: 

0 

1 pph 

2 pph 

4 pph 

0 

t pph 

2 pph 

2000 

20 

-1.20 

-3.26 

-2.61 

-1.27 

-10.64 

-8.76 

-8.06 

2000 

17 

-1.15 

-0.70 

-0.40 

0.23 

-4.06 

-2.74 

-2.33 

2000 

I.) 

-0.10 

0.01 

0.04 

0.24 

0.08 

0.16 

0.20 

2000 

4 

0.07 

0.08 

0.04 

0.11 

-0.10 

0.12 

0.12 

600 

17 

- 

-0.14 

-0.04 

0.12 

-0.74 

-0.34 

200 

17 

-('.06 

-0.03 

0.04 

-0.16 

-0.10 

..I  i.ijj  •iiiiiii  Mawn 


IOOO/T  IK) 


J Thougiit  to  be  unreliable;  see  Lloyd  (19741,  Baulcb  et  al. 
(1972).  Hamilton  (1975),  and  Kautman  (1975). 

" From  table  of  Baulch  et  ai.  (1972). 
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Experimental  Uuta  (1  7)  «in<l  n 

■views  (B  151 

Symbol 

Reference 

T (Kl 

k (cm3  s) 

i 

Burgess  ami  Robb 
( i 

300 

1 \ 10  10 

2 

Hnchunadel  et  al 

11 9 72)'* 

300 

95  x 10  17 

3 

Paukert  and 

Johnston  (1972) 

300 

3 6 X 10  17 

4 

Hamilton  (1975) 

300 

3.2  X 10  17 

5 

Fuller  anti  Hudson 
(1962) 

300 

3.0  x 10  17 

6 

Hamilton  and  Liu 
(1976) 

300 

2.5  v 10  17 

7 

Cox  (1977) 

273-338 

14  X 10  M e":!''  ' 

8 

Lloyd  (1974) 

300-  1000 

1.7  x 10  "e  »»  1 

9 

Hampson  and  Garvin 
(19741 

300-1000 

3 X 10  " e 600  r 

10 

Models  (this  work) 

- 

- 

11 

Lloyd  (1971  )b 

300-800 

1.4  X 10‘"  e so°  T 

12 

Nicolet  (1964) 

Not 

given 

5 X 1 0" 1 7 T 1 7 c-  1000/T 

13 

Bauich  et  al.  (1972) 

300 

(3.3 1 0.31  x 10'17 

14 

Hudson  (1977) 

200-300 

2.5  X 10‘,J 

15 

Stolarski  (1977) 

200-300 

1 X 10'1J 

fork„,(H<)2  + HOj  .HjO,+Oj). 


There  are  Tew  data  on  the  temperature  depen- 
dence of  this  reaction.*  In  his  early  review,  Nicolel 
(1964)  assumed  a temperature-dependent  rale  coef- 
ficient of  5 X 10 T 1 : e l(KKI  Lloyd  (ll)74) 
assumed  a temperature-dependent  rate  constant  of 
1 .7  X 10  *• 1 e '001  based  on  the  room-temperature 
measurements  of  Paukert  and  Johnston  (1972)  and 
Loner  and  Hudson  (1962)  and  theoretical  expecta- 
tions for  the  high-temperature  rate.  Hampson  and 
Garvin  (1975)  averaged  the  measurements  of 
Paukert  and  Johnston  and  Mochanadel  ct  al.  and 
adopted  Lloyd's  temperature  dependence  in  recom- 
mending the  expression  k = 3 X 10  11  e '(KI  1 . un- 
certain by  a factor  of  2. 

The  assumed  temperature  dependence  is  arrived 
at  by  combining  the  room-temperature  rate  coef- 
ficient with  a plausible  theoretical  estimate  of  the 
high-temperature  rate  coefficient.  In  our  opinion, 
the  room-temperature  rate  coefficient  is  fairly  well 

•See  previous  looinoie. 


known  and  should  be  based  on  the  average  of  the 
rate  constants  reported  by  Paukert  and  Johnston 
(1972),  Loner  and  Hudson  (1962).  and  Hamilton 
( 1975)  with  a subjectively  estimated  uncertainty  of  a 
factor  of  1 .5.  However,  the  temperature  dependence 
is  effectively  unknown.  The  rale  constant  could  be 
nearly  independent  of  temperature,  or  its  tem- 
perature dependence  might  be  as  strong  as 
e ± I (XX)  1 

We  accept  the  preferred  value  for  k|N  recom- 
mended by  Lloyd  (1974),  but  we  believe  the  rate 
constant  to  be  uncertain  by  roughly  a factor  of  4 at 
stratospheric  temperatures. 

Reaction  14.  H()2  + O,  - OH  + 2()2 

This  reaction  effectively  controls  the  efficiency  of 
the  HOx  o/one  destruction  cycle  in  the  lower 
stratosphere  and  shifts  the  ratio  OH:HO->  toward 
OH. 

This  rate  coefficient  has  never  been  measured 
directly,  but  there  are  three  pertinent  indirect 


measurements  (see  t ig  M V inter  son  .mil  Kaufman 
1 1'*  ’ 'i determined  .m  upper  limit  lor  k,4  relative  to 
ki>,  .mil  IWlore  t Id7.(>,  IVMore  .mil  Iscluiikow- 
Roux  t lt*74).  .uul  Simonaitix  .mil  Hctcklen  (l*)7J) 
me.ixu i ml  the  mho  ol  ku  to  the  square  root  of  kt,s 
t K , > I lie  various  measurements  .ire  all  roughlv 
consistent  uiih  each  other  anil  null  the  revom 
menileil  rate  given  In  llampson  aiul  tiamn 
* Indeed.  as  demonstrated  hi  Johnston  ami 
Nelson  1 1 '•'’’’I.  at  room  tenipeialiire  me  agreement 
hetneen  ililletent  measurements  ol  R,  seems  to 
suggest  that  l<  , provides  an  aililition.il  constraint  on 
klt  mine  severe  than  the  eslunateil  erroi  in  the  rate 
iiinst.mt  However.  OeMore  and  Isehuikoiv  Roux 
iileniilieit  a systematic  erroi  (resulting  from  the 
Unite  optical  depth  ol  their  system)  that  causes  then 
ratio  to  he  low  hi  an  amount  that  we  estimate  to  he 


*lt  On  I'lcliimiiuri  value  loi  k ,,,  ilcn'rimiieil  hi  i ov  is 

ii si'il  in  i he  esiim.un'ii  ol  ku,  ,i  sets  ilillcrem  expression  is  oh 
i. mu'll  lot  k , ill. in  h.is  been  usul  earliei  \i  present  sse  ilo  not 
laioi  in  expression  h.iscit  on  l oi  1 1**"’  I hm  reconnneiiil  ih.il  il 
he  ii'iisiifereil  as  a possibility 


about  a factor  ol  I 25  ±0.2  (as  entered  on  I ig  (t. 
I i(!  7 presents  the  uncorrected  ratio  data)  \pplica 
lion  of  this  correction  factor  reduces  the  agreement 
hetneen  DeMore  and  I schuikow-Roux  1 14>74>  and 
Simonailis  and  lleicklen  (|R7J).  and  it  is  not  the 
only  plausible  source  ol  systematic  error  \\  hen  one 
considers  that  even  the  relative  rate  constants  are  in 
direct  measurements  denied  from  a fairly  complex 
reaction  system,  the  i|uoted  error  hounds  ol 
llampson  and  (iarxm  seem  a little  large  at  room 
temperature  t because  ol  the  experimental  piccisiont 
Inn  possihli  too  nan  on  lot  stratospheric  condi 
lions 

Reliction  12.  011  t O,  HO,  r (), 

I Ins  reaction  eonlrihutes  directly  to  the  ll(\ 
ozone  destruction  rate  However,  it  is  also  an  im 
port. ml  factor  in  controlling  the  ratio  of  Oil  to  IIO. 
m the  models  Because  these  effects  oppose  each 
other,  our  model  is  only  moderately  sensitive  to  this 
rate  constant  \Ne  include  kt,  in  our  discussion 
because  some  of  the  data  for  ku  and  k , 0 are  m the 
form  of  ratios  mi  ols  mg  k , . 
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I igure  ' The  uncorrected  ratio  R,  = k,4/ik,Hl'  Circles  are 
experimental  data  of  Simonaitis  and  lleicklenl  1974).  triangles  arc- 
data  of  IK-More  and  Tschuikow-Roux  ( 1974).  Our  models  A and 
A'  are  represented  b>  the  solid  line,  and  models  B.  C,  and  ("  b>  the 
dotted  lines. 


Values  for  kjx  have  been  independently  measured 
b>  four  research  groups  as  summarized  in  I ig  S 
The  room-temperulure  measurements  ol  Davis 
(1974)  and  of  Kuryio  (197.1)  were  made  using  the 
flash-photolysis  resonance  fluorescence  technique. 
Accordingly  they  are  both  very  direct  and  very 
precise  measurements.  (Both  quoted  values  are 
averages  of  large  numbers  of  separate  determina- 
tions.) The  error  quoted  by  Kuryio  (1973)  was  ±Sri: 
Davis'  (1974)  error  was  ±4ri.  These  two  measure- 
ments differ  by  more  than  the  precision  bounds, 
although  the  agreement  is  very  good  by  any  other 
standard.  The  measurements  of  Anderson  and 
Kaufman  (1973)  are  also  direct  and  precise,  but  they 
were  made  using  resonance  fluorescence  detection 
in  a How  system,  flow  irregularities  are  always  a 
potential  problem  in  How  system  measurements, 
and  the  measurement  is  probably  slightly  less  ac- 
curate than  the  flash  photolysis  measurements. 

The  measurement  of  DeMore  (1975)  was  also 
rather  precise  but  was  indirect,  being  based  on  a 
measurement  of  ozone  in  a photolysis  system  in- 
volving Oi,  water,  and  COv 

We  would  use  the  average  of  the  Davis,  kuryio. 
and  Anderson  and  Kaufman  measurements  to  es- 
tablish a room-temperature  rate  constant  and  then 


Experimental  data  (1.  -X  O,  2 4)  and  reviews  (5,  6) 


Symbol 

Reference 

T (K) 

k (cm3/s) 

1 

OeMore  (1973IJ 

300 

8X  10  14 

X 

n.-Mon-  tl975r'  l> 

271-333 

2 4 X 10  12  c 1230  T 

o 

Anderson  and 
Kaufman  (1973)‘ 

220  450 

1.3  X 10  12  e 9515 T 

? 

Ojvis  ( 1974)'* 

300 

(7.5  ' 0.31  X 10  ,4 

3 

Kuryio  1 1973)'* 

248 

(6.5  • 0.5)  X 10  14 

4 

Simonaitis  and 
Meicklen  (1973)*' 

300 

1.5  X 10  14 

5 

Mampson  (1973), 

< looted  by  Hampson 
and  Garvin  (1974), 
and  models  A,  A’, 
and  C*  (tins  work  I 

220  450 

1.6  X 10  '2c-  1900  ' 

6 

Models  B.  C 
(this  work) 

- 

(Not 

plotted) 

Hudson  (1977) 

1.5  v 10  l2,.  "'I*'  ' 

•'  Indirect  measurement. 

'Individual  determinations  are  plotted  as  triangles. 

' Individual  determinations  are  plotted  as  circles. 

‘*Very  precise  measurements.  Plotted  points  are  averages  ol 
many  individual  determinations. 
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appl>  the  activation  energy  measured  by  \nderson 
and  Kaufman  to  provide  a temperature-dependent 
rate  constant.  In  our  appraisal,  an  appropriate  ex- 
pected error  would  be  a factor  of  1.2  at  room  tem- 
perature. increasing  to  a factor  of  about  2.5  at 
2(H)  K I or  the  purposes  of  stratospheric  modeling, 
our  estimate  is  only  trivially  different  from 
Hantpson  and  Garvin's  ( I V)75 ) recommendation  for 
this  reaction  * 

Reaction  19.  HO  + H()2  . H2C>  + <)2 

If  the  faster  of  the  quoted  rates  for  reaction  19  is 
correct,  then  this  reaction  is  the  major  sink  for 
stratospheric  HOx  radicals.  If  the  slower  rates  are 
correct,  it  is  still  a major  sink  for  HOx  radicals 

•Ihc  \ VS  \ panel  ( Hudson  1977)  recommends  lhat  this  rale 
cnnst.ml  he  lowered  b\  S',  because  ol  an  error  ill  Ihe  (I , absorp- 
tion cocllicienls  used  in  reducing  the  experimental  data  V\c 
would  concur 


This  reaction  is  very  difficult  to  measure,  and  no 
direct  measurement  has  been  published  t \ recent 
direct  determination  does  exist.  5.1  X It)  11  by 
Burrows  el  al.  1977.  but  it  is  inconsistent  with  upper 
limits  estimated  by  othe.  s ) Clear  conflicts  exist  be- 
tween the  various  measurements  (see  lag  'M  There 
are  two  measurements  at  room  temperature 
(DeMore  and  Tschuikow-Roux  1974.  Ilochanadel 
et  al.  1972)  which  lead  to  values  in  the  range  of  2 
X 10  " to  (i  x 10  " The  high-temperature 
measurements  of  I riswell  and  Sutton  ( |9~2)(k  = 2 
X 10  Troet  I9P9U2  X 10  < k ^ 2 x 10  "). 

and  (ilit’n/er  and  I rite  ( 1 9 7 5 >( k 6.6  x l()  1 ')  and 
the  room-temperature  measurements  of  Hack  et  al. 
(I975)(k  < 5 X 10  ")  and  ( hang  and  Kaufman 
(I976)(k  < 5 X 10  1 ')  provide  upper  limits  Mibstan- 
lially  below  the  high  measurements.  Semiquan- 
titaiive  arguments  based  on  absolute  rate  theory 
and  the  rates  of  similar  reactions  lead  to  estimates 


•'Siwrdl  problems  with  this  measurement  have  lieen  discussed  in  the 
reviews  of  l loyd  (1974)  and  Kaufman  ( 1975)  and  in  Hamilton  (1975) 

**Ratio  measurement  Actual  measurement  covered  the  range  273  342  K 
and  gave  a temper ature  dependent  rate  Slanting  lines  give  these  values 
for  various  assumed  values  of  the  Other  rates  in  the  ratio. 

c High  temperature  experiment,  indirect  determination 

'^Indirect  determination  based  on  an  analysis  of  the  HO?  ♦ NO  system. 

' At  Mooted  by  Baulch  et  al  (1972) 


Experimental  data  (1  8)  and  reviews  (9  14) 


Symbol 

Reference 

T (K) 

k (cm3  si 

1 

Hochanadel  et  al 
(1972) 

298 

2 s pi  10 

2 

DeMore  and 
Tschuikow  Roux 
I1974I1' 

300 

6 !6  • 10  " 

3 

Fnswell  and 

Sutton  (1972)' 

2000 

2 \ 10  " 

4 

Troe  (1969)c 

1000 

2 20  v 10 

(Not 

plotted! 

Hack  et  al  ( 1975V1 

298 

10  " 

5 

Glanzer  and  True  1250  1800 
(1975)d 

6 6 s 10  " 

6 

Dixon  Lewis  et  al  1300  1600 
(1974V 

(3  • 1 51  v 10  ” 

(Not 

plotted) 

Kaufman  (19641 
review  based  on 

Foner  and  Hudson 
(1962) 

300 

-1  s 10  " 

7 

Burrows  et  al  (197  7) 

300 

5 1 X 10  " 

8 

Chang  and  Kaufman 
(1977) 

3b  ' 10  " 

9 

Kaufman  (1975) 

300 

1 3 ' 10  " 

10 

DeMore  and  Watson 
(1976) 

200  300 

1 6 v 10  " 

11 

Lloyd  (1974) 

300  1000 

8 3 ■ 10  " c w"  1 

i? 

Nicolet  119701'' 

3 X 10  " 1 ' 1 

13 

H.S.  Johnston  in 
Hampson  and  Garvin 
(1974) 

200  300 

2 20  x to  " 

14 

Du  ewer  (this  work) 

TOO  300 

6 X 10  to  B 10  " 

(Not 

plotted) 

Hudson  (1977). 
Stolarskr  (19771 

3 x 10  ” 

ligurrv  Summar>  of  available  data  for  k ,,( MO>  HO  j *H20  M);». 
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lor  ihc  rate  constant  in  the  range  of  J X 10  1 ' to  5 
X 10  11  (k.iulni.in  1 7 > ) I urther.  the  observed 
stratospheric  OH  concentrations  t \nderson. 
private  communication.  I'DS)  are  very  difficult  to 
support  in  models  using  the  taster  rate  coefficients 
for  this  reaction 

None  of  the  above  arguments  is  conclusive 
Chemical  theory  has  difficulty  in  predicting  slow, 
nearly  temperature  independent  rate  coefficients  for 
simple  reactions  such  as  that  for 

OH  + UNO,  - H,0  + NO, 

(Is.,  % S.»  X I0"14  cm  ’/si 

and  must  be  used  with  some  eaution  I he 
stratospheric  models  may  be  in  error  in  other  wavs, 
thus  they  do  not  provide  a conclusive  test  of  the 
ll(\  sink  rales 

We  note  that,  as  was  discussed  earlier,  kinetic 
complications  in  the  reaction  system  of  llochanadel 
el  al  (1472)  have  been  identified  by  Hamilton 
(|47.s)  and  kaulinan  (1474),  and  the  data  analysis 
of  llochanadel  used  parameters  at  values  not 
currently  accepted  (I  loyd  1474)  Dixon  I ewiset  al. 
(I')74)  make  similar  criticisms  of  the  analysis  used 
by  I riswell  and  Sutton  (1472)  thus,  those  experi- 
ments should  be  used  with  even  more  caution  than 
the  other  indirect  measurements  Ihe  data  of 
DeMore  and  l schuikow-Roux  (1474)  were  taken  in 
the  form  of  the  ratio 

k,4  ’ k|4 

K:  l . k 

K i 2 IS 

I Ins  ratio  can  also  be  calculated  front  the  v arious 
models  If  this  is  done,  we  find  that  the  experimental 
temperature  dependence  for  the  ratio  has  the  op- 
posite sign  from  the  temperature  dependence  that 
can  he  deduced  from  the  models  unless  k|,>  has  a 
significant  activation  energy  or  there  are  substantial 
errors  in  the  activation  energies  used  for  the  other 
rate  coefficients  None  of  the  models  agrees  with 
this  ratio  over  a very  extended  temperature  range. 
Ihe  analysis  of  Johnston  and  Nelson  (1477)  in- 
dicates that  heterogeneous  reactions  may  account 
for  much  of  the  discrepancy  in  the  room- 
temperature  values  for  this  ratio,  but  not  for  the  dif- 
ferences m activation  energy 

In  our  concerted  variations  of  rate  constants, 
where  k and  k , » were  v aried  in  the  same  sense,  and 
k|,  (which  appears  to  be  relatively  well  established) 
was  either  held  constant  or  varied  in  the  same  sense 
as  k |4  (and  oppositely  tv)  k and  k we  found  that 
models  \ and  V of  Duevver  et  al  1 1 077b)  are  the 
extreme  models.  V being  in  approximate  agreement 


with  the  experiment  near  UK)  k.  while  H and  i ' are 
fairly  close  to  the  extrapolated  data  near  2Mi  k.  and 
\ and  C intercept  the  extrapolated  experuuent.il 
curve  near  I SO- 7(H)  k 

It  is  troubling  that  the  models,  especiallv  model 
\,  are  as  lar  from  this  experiment  as  they  are 
However,  the  experimental  ratio  was  mdirccilv 
determined  and  may  be  seriously  affected  bv 
heterogeneous  processes  Although,  to  fust  order 
this  ratio  was  free  of  the  identified  systematic  error 
that  appeared  in  the  ratio  of  k l4  to  (k  ,*)  1 from  the 
same  work,  the  data  analysis  was  such  as  to  polcn 
tiallv  magnify  errors  in  the  dircctlv  determined 
quantities  I ui.lier.  if  the  ratio  determined  bv 
DeMore  and  lschuikow-Koux  (l*)''4i  is  correct, 
then  an  appreciable  activation  energy  lot  k , a verv 
strong  negative  activation  energy  for  k,v  oi  a large 
error  m the  ratio  of  k 14  to  (k  |S)  ' ’ t R , I is  implied 

I mally.  we  note  that  m their  recent  recommend.) 
lions  tv)  NASA.  W B DeMore  and  k Watson 
(private  communication.  I47(v)  recommended  the 
use  of  values  in  the  range  of  I b X 10  11  cm  1 s lor 

k 14 

Because  of  the  indirect  nature  of  the  various  ex- 
periments and  the  apparent  incompatibility  of  Ihe 
results  of  various  workers,  we  have  been  guided 
primarily  hy  the  rates  of  similar  reactions  iihI  by 
theoretical  considerations  and  secondarily  bv  the 
observed  concentrations  of  stratospheric  Oil  We 
consider  > X 10  to  S X 10  11  cm  ' s to  be  the 
plausible  range  of  values  for  k |4,  with  k 2X  10  11 
cm  ’ s a likely  value  * 

Reaction  26.  U02  + NO  '•  NO,  + HO 

I Ins  reaction  couples  the  NOv  and  IU\  cycles  It 
reduces  the  efficiency  of  both  cycles,  especially  111 
the  lower  stratosphere  where  NO,  is  usually 
photoly/ed. 

I he  available  data  are  summarized  in  I ig  10  Ml 
of  the  data  are  obtained  by  indirect  methods. + and 
we  find  no  clear  basis  for  deciding  which  are  the 
most  reliable  measurements 


• I hi*  N\S\  pane)  riYommcmi.il ion  (llmlson  0»’’i  ol  * 
x 10  scorns  a*  reasonable  .in  our  use  ol  ^ \ 10 

* I he  recent  measurement  ol  Howard  and  I venson  t S 
\ l(»  1 at  *00  k was  direct!)  determined  and  seems  xuhstan 
halls  more  plausible  than  ans  other  published  measuicment  ol 
this  quantilN  Moreover,  several  other  unpublished  deieinnna 
lions  ol  0ns  rale  constant  have  been  made  recent l\  which  seem  to 
lie  in  the  range  S x 10  to  I \ 10  I hus  we  would  accept 
Howard  and  I senson  s room  temperature  rate  constant  and 
speculate  that  the  temperature  dependence  would  be  in  the  range 
♦ .'00  I to  S0t'  1 with  >00  I a plausible  value 
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We  intle  that  the  newer  data  suggest  that  the 
room  temperature  rate  constant  was  un- 
derestimated In  llampson  and  (iarvin.  but  that  the 
reaction  mat  have  a significant  temperature  depen 
deuce.  \s  a result,  we  believe  that  the  uncertain!) 
factor  applied  might  have  been  increased,  but  that 
the  range  considered  is  appropriate  for 
stratospheric  conditions. 

Reaction  20.  011  + NO,  • UNO, 

1 his  reaction  reduces  the  effect  of  both  NO,  and 
HO,  on  o/one  by  tying  up  both  species  in  the 
relatively  inert  species  UNO,  I urther.  it  catalyzes 
HO,  destruction  through  the  reaction 

1 011  * UNO,  ~ 11,0  ♦ NO, 

Reaction  20  is  dependent  on  both  temperature 
and  pressure,  and  the  pressure  dependence  is  a func- 
tion of  the  identity  of  the  third  body  VI  \s  a result 
of  this  we  have  chosen  to  present  the  data  in  the 
form  given  in  I ig  II  I he  altitude  dependence  por- 
trayed does  not  pertain  to  actual  measurements  at 
various  altitudes,  but  rather  to  measurements  at 
various  temper. iluics  and  pressures  interpolated  or 


extrapolated  to  the  conditions  of  the  l S Standard 
■Vtmosphere.  I here  are  other  pertinent  measure 
nrents.  including  recent  work  (eg  Davis  1474.  I’ 
\tkinson,  private  communication.  I'Dto  However, 
most  of  that  work  does  not  cover  stratospheric  tem- 
peratures, is  not  compatible  with  the  data  presenta- 
tion adopted,  and  is  not  included  in  I ig  II  T he 
data  of  the  various  workers  do  form  a reasonably 
consistent  set  of  measurements.  However,  as  is  evi- 
dent m Fig.  II.  for  the  conditions  of  the  lower 
stratosphere  the  data  of  Vnastasi  el  al  0‘>76)  tall 
somewhat  outside  the  expected  error  range  quoted 
by  llanrpson  and  (.iarvin  In  this  range  the  curve 
quoted  from  Vnastasi  el  al.  is  an  interpolation  Ironr 
the  data,  but  the  llampson  and  (iarvin  recommen 
datum  is  based  on  a substantial  extrapolation  I he 
two  expressions  agree  in  the  range  of  <('  -fs  km, 
where  both  are  interpolating  functions  In  order  to 
cover  the  full  range  of  our  model,  0 55  km.  we  fit 
the  primary  data  of  Vnastasi  el  al  to  the  expression 


k 


2.76  X IQ'1'  eS8(>  1 ■ M 
I 16  X |0IH  e**' ' 1 + M 
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I his  form  is  theoretical!)  juslitlcd  .it  moderate  and 
low  pressures  hut  not  at  high  pressures  where  it 
should  underestimate  the  rate  constant  * (More  re- 
sent data  In  \nustasi  and  Smith  t l‘>7b)  indicate  that 
this  is  indeed  the  case  and  suggest  that  our  curve 
max  underestimate  the  tropospheric  rate  constant 
In  near!)  a factor  of  ’ I W e believe  that  the  data  of 
\nastasi  el  al  provide  the  best  available  estimate  of 
this  rale  constant  under  stratospheric  conditions 
and  that  the  expression  we  have  fitted  to  their  data 
max  be  accurate  to  within  a factor  of  I > over  the 
range  where  it  is  an  interpolation,  but  that  it  max  be 
in  error  bv  a factor  of  2 to  .1  for  tropospheric  condi- 
tions I he  estimated  error  quoted  here  lot  inter- 
polated values  is  dominated  bv  our  estimate  of 
plausible  magnitudes  of  svstcmatic  errors  and  bv 
differences  between  experimenters  in  the  low 
pressure  range  I he  fitting  error  is  relabvelv  small 

If  we  consider  the  five  rate  constants  k,4.  k k(g. 
k «,).  and  k two  of  them  tk  <()  and  k .,,)  seem  likelv  to 
be  more  extreme  in  their  difference  from  the  value 
given  bv  llampson  and  (iarvm  than  the  value  used 
in  model  C of  Duevver  et  al  ( l*)77b».  and  two 
others  tk,s  and  k|.,)  have  conflicting  measurements 
and  are  higlilv  uncertain  I he  data  suggest  that  the 
remaining  one.  kM.  max  have  large  errors  in  either 
sense,  depending  on  the  value ol  k ,s  \t  present  our 
best  estimates  foi  these  land  other)  rate  constants 
lead  to  a model-predicted  o/one  increase  for  lower 
stratospheric  NO,  injections  However,  the  continu- 
ing uncertain!)  in  chemical  reaction  rates  leaves  am- 
ple room  for  another  reversal  of  the  sign  of  the  com- 
puted response  to  NO,  injections  in  the  lower 
stratosphere. 

2.3  A Ketinal> sis  of  the  Kffect 
of  NO,  Injections  on  O/one 

Whenever  there  has  been  a significant  change  in 
the  one-dimensional  stratospheric  model,  we  have 
rcanalwcd  the  effect  of  the  change  on  the  model's 
scnsitivitv  to  NO,  injections.  I he  effects  of  past 
changes  in  the  model  are  discussed  below  in  two 
parts  I he  first  part  updates  our  understanding  of 
the  effect  of  NO,  injections  from  high-altitude  air- 
craft on  stratospheric  cheimsirv  from  the  end  of  the 
( lunatic  Impact  \ssessment  Program  (Cl  AP)  in 
l‘>74  to  the  end  of  I *>76.  and  the  second  part  updates 
these  results  to  the  present. 


Changes  During  the  Period  I *>74  l**7h 

During  the  period  |*)74-l‘>7<*  main  changes  were 
made  in  the  one-dimensional  stratospheric  model  to 
reflect  our  increased  understanding  of  atmospheric 
processes,  especial!)  chemical  reactions  Reaction 
rates  were  remeasured  (or  guesses  were  replaced  bv 
measurements  and  or  new  guesses),  and  new  reac- 
tions were  added  In  particular,  chlorine  cheimstrv 
came  to  pl.t)  an  important  role  in  stratospheric 
chemical  modeling,  whereas  chlorine  was  not  con- 
tained in  anv  of  the  NO,  injection  modeling  calcula- 
tions done  during  Cl  \P 

I he  effect  of  changes  in  the  I l 1 model  chcmistrx 
(and  transport)  from  Id74  until  December  l‘*7(>  is 
shown  in  I ig  12  Onlv  NO, -110,-0,  chemistiv  tno 
CIO,)  "as  included  in  these  calculations  \ detailed 
description  of  the  changes  in  each  of  the  reaction 
rates  is  given  in  \ppcndix  \ I igure  12  shows  how 
each  sequential  change  in  the  model  affected  model 
sensit iv  n \ I lie  largest  effect  came  from  changing 
the  reaction  rate  coefficient  for  Oil  + HO.  • H.O 
+ Os  from  2 X |0  111  to  2 X 10  11  Changing  to  the 
new  transport  coefficient  (Chang  Id7fi)  resulted  in 
approximate!)  a UV'i  increase  in  the  predicted 
o/one  reduction  Most  of  the  changes  individual!) 
had  a small  effect,  but  together  the)  were  signifi- 
cant I he  chemical  changes  in  the  model  (without 
changing  K.t  up  to  December  l^b  reduced  the 
predicted  change  m o/one  bv  a factor  of  4 7 lot  a 
I"  km  injection  and  bv  a factor  of  2 4 for  a 20-km 
< meet  ion 


• I he  Nils  proop  has  recommended  a complex  expression  for 

i h is  tale  coefficient  lhal  has  heen  aecepieU  hv  the  N XSX  panel 
lllinlsott  in'”)  \t  present  \»e  would  accept  that  expression 


lb 


I Ifurr  I.'  t fleets  »f  chunk's  in  model  assumptions  i ordinate  i on 
ealeulaled  ehanite  in  total  o/one  iahseissai  for  an  injeetion  of 
2.4«i  X III"  k|t  xr  of  NO  , at  altitudes  of  I'  and  211  km 


Since  Molina  ami  Rons  land  (1974)  first  noted  the 
potential  effect  of  the  chlorolluoromethanes 
(C  I Ms).  (.  II  I,  and  CTA'Iv  on  the  stratospheric 
o/one.  much  effort  has  been  given  to  determining 
the  eflect  of  chlorine  species  such  as  ( I,  C IO.  Ht'l, 
( lONOs.  etc  on  stratospheric  chemistry.  The  1976 
calculations  predicted  a background  concentration 
of  C K\  ((.  I + c'lO  + IK  I)  in  the  natural  strat- 
osphere of  I ppb  resulting  from  CHjCI  and  C 'C'l4 
without  any  ( I Ms  W ith  the  addition  of  O Ms.  we 
calculated  approximately  I 3 ppb  stratospheric 
C IOx  for  current  levels  of  C'l  C'K  and  C'l  K'Is.  2 ppb 
l IOx  lor  predicted  I 990  levels  of  Cl  Ms  due  to  con- 
stant production  beyond  1973.  and  4 ppb  at  steads 
state  1 100  2(X1  sears). 

W e made  a series  of  calculations  to  determine  the 
effect  of  various  background  levels  of  C IOx  on  the 
predicted  o/one  reduction  due  to  NOx  injection  \s 
an  initial  condition  for  the  calculations,  a 
background  stead) -stale  atmosphere  containing 
various  levels  of  C'IOx  1 1.  2.  or  4 ppb)  was  derived, 
then  the  model  was  calculated  to  steads  state  with 
NOx  aircraft  emissions  of  2000  molecules  cm  's  as 
NO-  injected  into  a l-km-lhick  laser  centered  at 
various  altitudes  (9.  13.  17,  or  20  km)  I hese 
calculations  were  carried  out  with  the  C hang  (1976) 
and  the  Kunten  c 1*475)  k,  profiles  I he  results  are 
summarized  in  fable  I 

lor  stratospheric  injections  of  NOx  tat  17  and 
20  km).  increasing  the  background  levels  of  CIOx 
decreases  the  magnitude  of  the  o/one  reduction, 
fhc  effect  of  the  C IOx  background  is  substantial, 
even  leading  to  a net  o/one  increase  for  a 17-ktn 
\Ox  injection  with  a C'IOx  background  of  about 
4 ppb  I he  changes  in  total  o/one  are  small  for 
tropospheric  injections  of  NOx.  1 he  results  lor  in- 
jections at  '*  km  should  be  considered  to  be  within 
the  "noise."  since  these  changes  are  the  net  result  of 
o/one  reduction  above  about  20km  and  o/one 
production  below  20  km  Because  the  model  uses 
lived  boundary  conditions  and  incorporates  rainout 
processes  for  NO.  and  UNO,,  a large  effect  should 
not  be  expected  front  a 9-km  injection.  The  change 
in  total  o/one  is  basically  linear  with  NOx  injection 
rate  using  the  C hang  (1976)  k,  profile  but  not  with 
i he  llunten  k.  profile 

c nictitations  were  also  made  for  an  NOx-lU\-Ox 
atmosphere  using  an  I \ \ estimate  of  1990  aircraft 
emissions  The  model  input  used  is  shown  in 
fable  2 W ith  the  t hang  ( 1976)  fX/  profile  there  was 
a net  increase  in  total  o/one  of  0 I VT  after  the  first 
sear,  which  reduced  to  a steads -state  net  increase  of 
0.02‘i  alter  the  tenth  scar  With  the  llunten  k , 
profile,  a 0 2(V , increase  in  total  o/one  after  one 
sear  reduced  tv'  0 04'V  at  steads  state 


Changes  Since  1976 

Since  the  end  of  1976  there  have  been  a number  of 
changes  to  the  stratospheric  model  including 
changes  in  chemical  rate  coefficients  and  improve- 
ments in  the  representation  of  physical  processes, 
such  as  including  multiple  scattering  in  the 
photodissociation  rate  calculation.  I he  changes  m 
model  chemistry  up  to  June  1977  were  based  upon 
the  Hudson  (1977)  reevaluation  of  chemical  rate 
data  (see  fable  VI  in  \ppendix  \>  I hese  changes 
led  to  an  increase  in  the  o/one  reduction  estimates 
due  to  an  NOx  injection  of  2(XX)  molecules  cm  *-s 
as  NO.  at  either  17  or  20  km.  The  most  significant 
change  since  December  1976  was  a new  measure- 
ment of  the  reaction  rate  for  NO  + HO-  • NO.  + 
Oil  by  Howard  and  I venson  (1977)  l 'sing  a direct 
measurement  technique,  laser  magnetic  resonance, 
they  measured  this  reaction  rate  to  be  roughly  30 
times  faster  than  previously  thought.  The  effect  that 
this  one  change  in  a chemical  rate  measurement  has 
on  the  model  is  shown  in  fable  3 With  the  C hang 
1 1976)  k , profile,  there  is  a reversal  in  the  sign  of  the 
o/one  change  such  that  aircraft  emissions  in  the 
lower  stratosphere  cause  an  increase  in  total  o/one. 
With  the  llunten  k,  profile,  there  is  an  o/one 
decrease  for  a 20-km  injection  but  an  o/one  increase 
for  a 1 7-km  injection. 

f igures  13  and  14  show  the  effect  the  change  in 
the  HO.  + NO  rate  has  on  model-derived  species 
concentrations.  The  new  faster  rate  has  a large  im- 
pact on  stratospheric  constituents  such  as  NO  (as 


Tabic  Isnmated  1990  aircraft  emissions  used  in  Hie 
I LI.  1-1)  model. 


Kmissions 


Altitude  (km)  (kg  NOj  yt) 


6 

S.857 

\ 

I07 

7 

1.171 

X 

10* 

8 

1.9.12 

X 

10* 

9 

4. .164 

X 

10* 

to 

7.645 

X 

10* 

II 

7.627 

X 

10* 

12 

.1.410 

X 

10* 

l.t 

4.859 

X 

I07 

14 

1.155 

X 

I07 

15 

1.180 

X 

io7 

16 

2.098 

X 

I07 

17 

2. .154 

X 

I07 

IN 

1.515 

X 

I07 

19 

4.7.19 

X 

10* 

17 


feW c .(  Die  effect  on  model  sensitivity  of  changing  the  tale  coefficient  for  the  reaction  NO  ♦ IIO;  — NO;  ♦ Oil  Old 
rate  - 2.0  x 1 0~  • new  rate  = 4.28  x 10" 1 * exp  (-500  T)  (Howard  and  Kvenaon  1977). 


Change  in  S(>v  ( . I 
Old  rate  New  rate 


k,  profile 

NOv  injection 
altitude  tk.ni) 

Oiingc 

Old  rate 

in  O,  <») 

New  rale  O 

t hing  ( 1976) 

20 

-1.79 

0.55 

17 

-1.31 

1.96 

Hunlcn  (|97S) 

20 

-10.8 

-6.90 

i 

17 

-4.35 

0.83  I 

much  .is  .t  factor  of  ' lower  concentration  at  1 5 km) 
and  Oil  (a  factor  of  2 larger  concentration  at 
15  km)  Other  xpeciex  more  mdirccilx  related  to  the 
reaction  ot  IKK  + NO.  such  as  t IO  and  C ION(K, 
are  also  si  rough  affected  bx  the  new  rate. 

I here  is  now  a nonlinear  relationship  between  the 
magnitude  of  the  N(\  injections  and  the  predicted 
change  m total  o/one.  This  is  illustrated  in  lag.  15 
for  I7-  and  20-km  injection  altitudes  Note  that 
doubling  the  rate  of  an  NOv  injection  does  not 
result  in  doubling  the  change  in  o/onc  as  was  found 
during  t I \ I*  Depending  on  the  magnitude  of  the 


injection,  either  a new  increase  or  decrease  of  total 
o/one  results. 

1 he  change  in  the  local  o/onc  concentration  is 
shown  in  lag.  16  for  three  different  \Ov  injection 
rates  at  20  km  1 here  is  a net  production  of  Os  in 
the  lower  stratosphere  and  net  destruction  in  the  up- 
per stratosphere  It  is  the  summing  of  these  two  ef- 
fects that  determines  whether  a net  increase  or 
decrease  in  total  o/one  is  calculated  Therefore, 
while  there  max  be  no  net  change  in  total  o/one  for 
a specific  Nl\  injection,  there  max  be  large  predic- 
ted local  o/one  changes  in  the  stratosphere  Such 


Old  rate:  k = 1.7  x 10'11  e'1000T 

— New  rate:  k = 4.28  x 10' 11  e~500/T 


1 20  (\ 

\ 

\ 

10  < ( 


v 


Concentration  molecules/cnv 


/ /ch'v  M fffect  of  the  change  in  the  HO}  * NO  reaction  rale  on  modvl  drriuii  concentrations  of  UNO, . NOj , OH.  and  NO  iate 
is  based  on  Howard  and  hmv»n  1 1*77). 
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Change  in  03  column  — % Altitude  — km 


Old  rate:  k = 1.7  x 10' 
New  rate:  k = 4.28  x 10 


Concentration  — molecules/cm3 

/ ixurt'  /«/  fffecl  of  cht*  change  in  the  HO , ♦ N<  > reaction  rale  «»n  ntodel-deriu'd  ctmcenuations  of  IK  I.  C IO.  and  C IOM >, . 


• t » i 

2 — (a)  20-km  injection  _ 

Chang  (1976)  K,-,_  f 


I igurc  If  ( akulaled  change  in  the  orone  column  Ml  stead)  Male 
as  a function  of  NO  x injection  rate  (as  VOj  > lot  injection  altitudes 
of  17  and  20  km.  \n  injection  rate  of  2000  molecules  cm  s in  a 
hemispheric  shell  I km  thick  corresponds  to  an  annual  injection 
rate  of  1.2.1  X in'1  kg  >r. 


Hunten  (1975)  K^\ 


4 1 — (b)  1 7-km  injection  ' 


Chang  (1976)  K, 


Hunten  K,  — 


??::\,^r^I500^ 

500)  1000J 


0 500  1000  1500  2000  2500 


NO?  injection  rate  - molecules/cm3  •$ 


Change  in  ozone  concentration  - % 

/ igure  10  ( alralaled  change  in  the  local  orone  concentration 

sersus  height  for  VO  v injection  rates  of  SHI.  HHHI.  and  I5IXI 
molecules  cm  s in  a l-km-lhick  laser  centered  at  2d  km. 


local  change'*  could  have  important  climatic  con- 
sideration'. 

Major  uncertainties  still  exist  in  our  knowledge  of 
stratospheric  chemistry  It  is  possible,  and  even 
likelv.  that  further  significant  revisions  will  he  made 
in  the  future  Not  only  will  reaction  rates  change, 
but  it  is  still  possible  that  processes  not  vet  included 
mav  plav  an  important  contributing  role 

2.4  Effect  of  ('hlorofluoronu'thancs 
on  Ozone 

I iv e scenarios  have  been  developed  to  describe 
possible  future  variations  in  the  production  rates  of 
C I l I;  1 1 - 1 1 1 and  C I -l  I'  (I  - 12)  I he  scenarios  are 
listed  below 

1 Constant  production  of  C I Ms  at  Id's  levels 
Production  rate  equals  34'.tXX)  tonnes  vr  for  I II 
and  4l\lXXl  tonnes  vr  for  I 12  * 

2 Partial  ban  on  the  use  of  O Ms  in  the  Untied 
States  beginning  I .lulv  1478  Constant  production 
at  Id7s  levels  until  I .lulv  Id's,  dropping  to  7(V>  of 
|d7.s  levels  thereafter 

Partial  ban  on  Cl  Ms  in  the  United  States 
beginning  I .lulv  |dS0  Same  as  scenario  2 except 
reduction  beginning  1 .lulv  1480 

4 Partial  ban  bv  the  United  States  and  several 
''liter  countries  concurrent!)  .'it  I .lulv  IdSO  Con- 
stant production  at  1475  levels  until  I .lulv  IdSO. 
then  dropping  to  3 V7  of  1475  levels. 

5 Technical  breakthrough  allowing  a drastic 
reduction  in  CTM  production  in  1484  Constant 
production  at  1975  levels  until  I .lulv  ldS4,  drop- 
ping to  20*r  of  ld75  levels  thereafter. 

The  one-dimensional  transport-kinetics  model 
was  used  to  assess  the  potential  o/one  reduction  for 
each  of  these  scenarios  The  model  chemistrv  was 
the  same  as  listed  in  \ppendix  \ for  Id77  with  the 
exception  that  the  rate  coefficient  for  the  reaction 
NO  + MO'WasbN  10  1 V The  computed  change  in 
total  o/one  relative  to  an  ambient  atmosphere 
without  III  and  I -12  is  shown  in  Table  4 for  each 
scenario  as  a function  of  time  Known  production 
rates  for  T-l  I and  C-12  were  used  for  the  period 
before  January  I97<v 

I he  effect  of  changing  the  reaction  rate  lor  NO 
+ HO-  to  Howard  and  Tvenson's  (19771  recent 
measurement  of  S X It)  '-  would  be  to  essential!) 
double  the  effect  on  o/one  calculated  m I able  4 
I or  example,  using  the  new  rate  increases  the 
stead) -state  o/one  reduction  for  scenario  I to  IVI 
as  compared  with  the  7*)','  shown  in  Tabled 

•One  Mime  I metric  Ian  - to'kg 


The  predicted  ozone  reduction  for  a partial  ban  in 
the  l nited  States  beginning  in  1978  (scenario  2)  dif- 
fers very  little  from  that  for  a partial  ban  beginning 
in  I *480  (scenario  4).  The  ozone  reduction  at  stead) 
state  is  in  direct  proportion  to  the  stead) -slate 
production  rate  of  C'TMs 

2.5  Effect  of  Multiple  Scattering 
on  Species  Concentrations  and 
Model  Sensitivity* 

Molecular  multiple  scattering,  the  earth's  surface 
reflection,  clouds,  and  aerosols  have  all  been  show  n 
to  have  a significant  effect  on  stratospheric  and 

•Sec  I u i her  cl  a I ||477b) 


IdbU  Z Calculated  percent  reduction  in  total  o/one  as  a 
function  of  time  for  the  five  CTM  release  scenarios 
described  in  the  text. 


CFM  release 

scenario 

(SCO  lc\l) 

Year 

1 

2 

3 

4 

5 

1476 

0.48 

0.48 

0.48 

0.48 

0.48 

1477 

0.58 

0.58 

0.58 

0.58 

0.58 

1478 

0.68 

0.68 

0.68 

0.68 

0.68 

1474 

0.77 

0.77 

0.77 

0.77 

0.77 

1480 

0.87 

0.87 

0.87 

0.87 

0.87 

1481 

0.46 

0.45 

0.46 

0.46 

0.46 

1482 

1.06 

1.03 

1.05 

1.05 

1.06 

1483 

1.17 

l.ll 

1.14 

1.13 

1.17 

1484 

1.24 

1.18 

1.22 

1.14 

1.24 

1485 

1.33 

1.24 

1.24 

1.24 

1.33 

I486 

1.42 

1.30 

1.36 

1.28 

1.42 

1487 

1.52 

1.36 

1.42 

1.31 

1.44 

1488 

1.60 

1.42 

1.48 

1.33 

1.54 

1484 

1.64 

1.48 

1.54 

1.36 

1.58 

1440 

1.78 

1.54 

1.60 

1.38 

1.60 

1441 

1.86 

1.60 

1.66 

1.40 

1.62 

1442 

1.45 

1.65 

1.71 

1.42 

1.63 

1443 

2.04 

1.71 

1.76 

1.44 

1.63 

1444 

2.12 

1.76 

1.82 

1.45 

1.64 

1445 

2.20 

1.81 

1.87 

1.47 

1.64 

1446 

2.28 

1.87 

1.42 

1.48 

1.64 

2001 

2.68 

2.12 

2.17 

1.56 

1.64 

2011 

3.40 

2.58 

2.63 

1.70 

1.63 

2021 

4.05 

2.48 

3.03 

1.81 

1.62 

2031 

4.61 

3.34 

3.38 

1.42 

1.61 

20(1 

5.11 

3.65 

3.64 

2.01 

1.61 

2051 

5.54 

3.43 

3.45 

2.04 

1.60 

Steady 

state 

7.44 

5.55 

5.55 

2.55 

1.53 

20 


r 


1 

i 

| 

i 


tropospheric  radiative  intensities  at  photo- 
dissoeiative  wavelengths  I he  importance  of 
molecular  scattering  and  surface  albedo  and  their 
effect  on  atmospheric  photodissocialion  rates  have 
been  discussed  bv  I uther  and  Cielmas  (1976) 
Parameterization*  of  the  effect  ol  multiple  scatter- 
ing on  phoiodissociative  flue  densities  have  been  in- 
cluded in  one  dimensional  transport-kinetics 
models  bv  ( rut/en  and  Isaksen  ( 1976).  C'allis  et  al. 
(l‘)7to.  \shbv  ( 1976).  and  Kur/eja  (1976)  t rut/en 
and  Isaksen  ( 1976)  use  a iwo-fluv  approximation  to 
account  for  the  direct  and  scattered  radiation  Callis 
el  al  ( 1976).  using  a detailed  solar  radiation  model, 
compute  correction  factors  which  are  then  applied 
to  the  phoiodissociative  rates  computed  assuming  a 
purelv  absorbing  atomic  and  molecular  at- 
mosphere I he  correction  factors  van  with  altitude 
for  each  phoiodissociative  reaction,  and  thev  are 
assumed  to  be  unaffected  bv  changes  in  atmospheric- 
composition. 

We  have  assessed  in  detail  the  effect  of  including 
molecular  multiple  scattering  and  surface  reflection 
in  the  transport-kinetics  model  on  ambient  species 


concentration  profiles  and  on  model  sensiuvitv  to 
perturbations  affecting  stratospheric  ozone  The  ei- 
lect  of  multiple  scattering  was  incorporated  into  the 
photodissocialion  rate  calculation  bv  apple  mg 
correction  factors  to  the  short-wave  fluxes  used  m 
the  pure  absorption  calculation  (the  method  is 
described  in  detail  below).  Calculations  were  made 
with  the  1977  model  chemistrv  listed  in  fable  \-l  of 
Appendix  \ with  the  exception  of  a few  rates  in- 
dicated in  Table  5.  Calculations  were  later  repealed 
using  \ \S A recommendations  (Hudson  1**77)  and 
Howard  and  I venson's  ( 1977)  new  measurement  of 
the  rate  for  NO  + IK)>  These  changes  are  listed  in 
Table  5. 

The  solution  of  the  one-dimensional  purelv  ab- 
sorbing radiative  transfer  equation  at  a particular 
altitude  /p.  solar  zenith  angle  % and  atmospheric 
composition  |N  v!  is  given  bv 

= F*l“> 

X exp[-rA(/p.0o.(NA}  ,t»)  (5-1) 


labh  a Reaction  rate  coefficients  used  in  the  latest  calculations.  See  Table  A- 1 for  other  reactions. 


Old  rate  Ness  rate 

Reaction  (used  in  first  calculation)  (used  in  second  calculation) 


O,  ♦ NO  * NO,  ♦ O, 

2.3 

X 

to-12 

exp 

(-1450  T) 

2.1 

X 

to-'2 

exp 

(-1450  T) 

O,  + Oil  - HO,  * O, 

1.6 

X 

I0-12 

exp 

(-1000  T) 

1.5 

X 

to-'2 

exp 

(-IO(K)  T) 

O,  ♦ HO,  - Oil  + 20, 

1.0 

to"1-’ 

exp 

(-1250  n 

7.3 

X 

to-14 

exp 

(-1225  T) 

O * HO,  - OH  + 0, 

3.0 

X 

to-" 

3.5 

X 

to"11 

HO,  * HO,  ~ 11,0,  ♦ O, 

1.7 

X 

to" 

exp 

(-500  T) 

2.5 

X 

10-' 2 

HO,  ♦ OH  - H O ♦ O, 

2.0 

X 

to'1 1 

3.0 

X 

10-" 

NO  ♦ HO  -»  NO,  ♦ OH 

1.7 

X 

to-" 

exp 

(-1000  r> 

8.0 

X 

to-'2 

N + O,  - NO  + O, 

5.0 

X 

10”  * 2 

exp 

(-650  T) 

2.0 

X 

10"  1 

exp 

(-1070  T) 

O('d)  + M - O ♦ M 

2.0 

X 

to-" 

exp 

(107  T) 

2.2 

X 

to'11 

exp 

(99  T)a 

NO  ♦ no  - NO,  + Cl 

2.2 

X 

to" 

1.0 

X 

to"1 1 

exp 

(200  n 

no  + no  • n + ock» 

1.5 

X 

to- u 

exp 

(-1238,  T) 

2.1 

X 

to-'2 

exp 

(-2200  T) 

CIO  + CIO  - 2CI  + O, 

4.5 

X 

I0"1-' 

exp 

(-I238/T) 

5.0 

X 

to*13 

exp 

(-1238  T) 

CIO  ♦ CIO  • Cl  ♦ CIO, 

9.0 

X 

to-'-' 

exp 

(-1238  T) 

t.O 

X 

I0"12 

exp 

(-1238  T) 

OH  ♦ tlCI  - II  ,0  + Cl 

2.8 

X 

to-'2 

exp 

(-100  T> 

3.0 

X 

I0"12 

exp 

(-125  T) 

O ♦ OCIO  - C IO  ♦ o. 

5.0 

X 

to-'-’ 

2.0 

X 

to*11 

exp 

(-1100  T) 

Cl  ♦ OH  - HCI  ♦ O 

2.0 

X 

to*12 

exp 

(-1878  T) 

1.0 

X 

to" 

exp 

(-2970  T) 

Cl  + HNO,  - HCI  ♦ NO, 

6.0 

X 

to-'5 

1.0 

X 

to-" 

exp 

(-217(1  T) 

CIONO , ♦ O - CIO  ♦ NO, 

5.0 

X 

to"12 

exp 

(-840T) 

3.0 

X 

I0~  2 

exp 

(-80S  T) 

M 

CIO  ♦ NO,  - CIONO, 

5.1 

to"33 

exp 

(1030  T) 

3.3 

\ 

to-2-' 

X 

1 + 

8.7  X to-^l 

-o.smo  s 

‘ Differs  from  value  giv»*n  bv  Hudson  (1977). 

^No  recommendation  for  this  rate  is  given  b\  Hudson  (1977V 
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I v d.\  is  the  llux  ol' photons  in  the  wavelength  inter- 
val dX  about  X.  and  I *(<»)  dX  represents  the  solar 
llux  at  the  top  of  the  atmosphere  The  optical  depth 
rv  is  given  by 


direct  solar  beam  1 y is  given  bv  an  equation  similar 
to  (5-1): 

= Fx(~> 


rx(yV{NJ<) 

/?  Nyt/.t)  o*|X.f(/)|  sec  0|((t)d/ 


% A 


X exp|-T‘(z,.0„.{NA}.t)] 


(5-5 ) 


where  the  optical  depth  along  the  slant  path.  ry.  is 
given  bv 


In  I q.  (5-2)  the  summation  on  \ includes  all  at- 
mospheric absorbers,  each  having  number  density 
\y(/.l>  and  a total  absorption  cross  section 
<Tf[,\. !(/)].  Most  generally.  <r)[\.T(/)]  is  a function 
of  the  temperature  T(/). 

The  photodissociation  rate  for  transforming 
species  i to  species  j is  denoted  by 

WyV0  Nt(zp>,)  • 


Nv(/.t)  (X.T(z)j  sec  0,,(t)  dz 


I 


N(z.t)  <i'R(X)  sec  0„(t)  dz 


( 5-6 ) 


w here 


J,  -/yV0 


2 / ”i>lj.M</p)|  Fx(zp.0o.{NA}.t)  dX 

-all  X 


(5-3) 


The  microscopic  photodissociation  cross  section 
a,j[  j.X.T(zp)]  is  often  written  in  terms  of  the  quan- 
tum yield  Qjy(i  -j ) as 

aO  1 j. X. T( zp )]  = o!,-  [X,T(zp)|  Qx(i-j)  . (54) 

It  should  be  noted  that  significant  uncertainties 
remain  in  the  data  used  to  calculate  the 
photodissociation  coefficients  in  the  models,  l or 
example,  major  uncertainties  remain  in  the 
branching  of  Ot  photolysis  near  310  nni  to  either 
0(  V)  or  0(  'D).  in  the  branching  and  quantum 
yield  for  NO*  photolysis,  and  in  the  methodology 
for  calculating  the  photolysis  of  species  having 
banded  or  line  absorption-cross-section  structures, 
such  as  Os  or  NO. 

When  molecular  multiple  scattering  and  surface 
albedo  are  included  in  the  radiative  transfer  calcula- 
tion. 1 q.  (5-1)  is  no  longer  the  solution  of  the 
radiative  transfer  equation.  However,  the  llux  in  the 


In  (5-6)  the  summation  on  i includes  all  atmospheric 
species,  and  <rR  is  the  Rayleigh-scatlering  cross  sec- 
tion lor  species  i.  Fy(zp.0<).f\ yj.tl  in  <5-5l  differ s 
from  l x(Zp.0o.|N\|.t)  as  defined  by  (5-1)  in  that  at- 
tenuation due  to  both  absorption  and  scattering  is 
included  in  (5-5).  whereas  only  absorption  is  in- 
cluded in  (5- 1 ). 

The  photodissociation  coefficient  also  depends 
upon  the  scattered  (diffuse)  radiation  given  by 


Hi  x 


WvV*  = I °pLU.T(zp)] 


Fx(y<VN  A.o  + j 

4 71 


l\(zp.vO ) du> 


dX  . 

(5-7) 


where  lv  is  the  specific  intensity  of  the  diffuse  radia- 
tion and  u)  is  the  solid  angle.  Including  the  effect  of 
molecular  multiple  scattering  and  surface  albedo  in 
the  calculation  is  simply  expressed  by  changing  the 
value  of  Fy  appearing  in  (5-3).  For  clarity  vie  define 

F',s( multiple  scattering)  s Fx  (zp.0(r{N  J .t) 


+ 


lv(zp.cO)  dec 


(5-8) 
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Henceforth.  I (pure  absorption)  will  refer  to  the 
flux  defined  In  pi)  \side  from  substituting  T*'s  in 
place  id  I1,’'  in  (5-3).  all  other  aspects  of  the 
photodiYxoci.il ion  rate  calculation  are  the  same  as 
for  the  purely  absorbing  molecular  atmosphere. 

I he  effect  of  multiple  scattering  was  incorporated 
into  the  photodissociation  rate  calculation  by  ap- 
plying correction  factors  to  the  /lux  I x used  in  the 
pure  absorption  calculation  I hese  correction  fac- 
tors. which  are  given  by  the  ratio  I , I were 
computed  for  the  unperturbed  species  profiles  using 
the  same  detailed  solar  radiation  model  as  I ulher 
and  (ielinas  ( 197b)  \ separate  factor  was  computed 
for  each  of  the  44  levels  and  lor  each  of  the  I4S 
wavelength  intervals  between  I 33  and  735  urn  Dif- 
ferent sets  of  correction  factors  were  computed  for 
each  assumed  value  of  surface  albedo  \,  using  a 
solar  zenith  angle  of  45°. 

Correction  factors  for  a solar  zenith  angle  of  45° 
are  qualitatively  similar  to.  although  somewhat 
larger  than,  those  computed  by  I uther  and  (ielinas 
( 197b)  for  a b()°.  1 he  correction  factors  are  nearly 
constant  with  height  above  20  km.  but  they  may 
vary  significantly  with  height  in  the  region  below 
20  km.  which  is  where  most  scattering  events  occur. 

Including  multiple  scattering  in  the  pholo- 
dissoci.ition  rate  calculation  affects  the 
photodissociation  coefficients,  the  ambient  species 
concentration  profiles,  and  the  model  sensitivity  to 
perturbations  by  NO,  and  Cl\  pollutants.  I ach  of 
these  effects  is  discussed  separately  below 

Phntudissociatiun  ( .(efficients 

fable  <i  compares  photodissociation  coefficients 
for  pure  absorption  and  for  multiple  scattering 
computed  for  the  same  ambient  model  atmosphere 
These  coefficients  were  computed  for  a solar  zenith 
angle  of  45°  and  a surface  albedo  old. 25.  I or  reac- 
tions with  strong  absorption  at  wavelengths  less 
than  290  nm.  multiple  scattering  has  the  most 
significant  effect  on  the  photodissociation  coef- 
ficients below  25  km  I he  coefficients  are  changed 
only  slightly  above  25  km.  Reactions  with  strong 
absorption  at  wavelengths  greater  than  290  nm 
show  enhancement  at  all  altitudes  due  to  multiple 
scattering  \t  altitudes  above  It)  km.  including  mul- 
tiple scattering  increases  the  photodissociation  rales 
by  a factor  of  1.27  I 4b  for  (),.  I •'<>  I (.4  for  NO,. 
1.23  -1.67  for  < INO,.  I 1)7- 1 (.5  for  CIONOs.  and 
1 .33-1 .60  for  0(10.  I here  is  less  than  a V"<  change 
in  the  photodissociation  rates  above  30  km  for  Ox. 
UNO,.  II/),.  IIO,.  CIO.  Cl- ,i  I,,  and  (TCI,  At 
lower  altitudes  there  is  significant  ennancement  for 
several  of  these  species  due  to  multiple  scattering 
I or  example,  at  It)  km  the  photodissociation  rate  is 


increased  by  a factor  of  1.59  for  UNO,.  I 59  for 
HxOs.  and  1.46  for  CIO. 

Species  Concentration  Profiles 

I lie  concentration  profiles  for  selected  (>,.  HO,, 
and  CIX  species  are  shown  in  lags.  17  20  for  the 
ambient  atmosphere  prior  to  inclusion  ol  multiple 
scattering  I hese  figures  define  the  reference  condi- 
tions tor  assessing  the  fractional  change  in  concen- 
tration caused  by  multiple  scattering 

I he  changes  in  concentration  of  chemical  species 
due  to  multiple  scattering  relative  to  the  pure  ab- 
sorption calculation  for  a surface  albedo  ol  0 25  arc- 
shown  in  lags  21  24  I igure  21  shows  the  ellecl  ol 
multiple  scattering  on  O,  species  concentrations 
I he  large  percentage  increase  in  ()(  1 1 ) ) near  It)  km 
occurs  where  the  ambient  concentration  is  very 
small,  nevertheless,  it  has  a significant  effect  on  at- 
mospheric chemistry.  Ihe  increases  in  Ot  * I*)  and 
()(  1 1 ))  in  the  20-to-30-km  region  are  due  to  in- 
creased photolysis  of  (),.  because  ol  dillerenccs  in 
ambient  concentrations,  a small  percentage 
decrease  in  (),  causes  large  percentage  increases  in 
the  other  species.  I he  increase  in  ()(  'PI  near  40  km 
is  due  primarily  to  increased  photolysis  ol  NO, 
Ozone  at  this  height  is  increased  largely  as  a result 
of  the  reduction  in  the  efficiency  of  the  NO, 
calalv tic  destruction  cycle  caused  bv  the  increased 
rate  of  NO,  | hotolysis  Ihe  ratio  of  column- 
integrated  total  (>,  computed  with  multiple  scatter- 
ing to  that  computed  with  pure  absorption  is  0 90 

I igure  22  shows  the  effect  of  multiple  scattering 
on  IIO,  species  Increased  Oil  below  U)  km  results 
from  increased  rates  lor  the  reaction  UNO;  •Oil 
* NO,  and  llxO,  2011  Since  the  concentration 
ol  l|, Ox  below  (5  km  is  much  larger  than  th.it  of  the 
other  hydrogen  oxide  species,  a small  percentage 
decrease  in  11,0,  can  cause  a much  larger  percent- 
age change  in  OH  and  HO,,  as  evidenced  near 
10  km  I he  increase  in  Ot  1 Dl  leads  to  an  me  lease  in 
the  production  rale  of  HO,  ’ Ot  'Dl  ♦ 11.0  • 
2011.  vet  there  is  acluallx  a decrease  in  HO,  in  the 
region  around  10  km  I his  occurs  because  comer 
sioii  ol  11,0,  to  20llbv  photolysis  substantially  in- 
creases the  IIO,  destruction  rate  through  the  reac- 
tions Oil  t IIO,  .11,0  ♦ O,  and  OH  * 11.0;  • 
11x0  t no. 

I igure  23  shows  the  effect  ol  multiple  scattering 
on  NO,  species  Because  the  NO,  photolvsis  rate  is 
increased,  the  concentration  of  NO  and  the  ratio 
NO  NO,  arc  both  increased  at  all  altitudes  There 
is  very  little  UNO,  above  30  km.  so  NO,  decreases 
in  this  region  because  of  increased  photolysis. 
Below  30  km.  NO,  increases  because  of  increased 
photolysis  i>f  UNO,,  which  is  the  most  plentiful 
NO,  species  in  this  region. 


IdhU  n Companion  of  photodiuocialion  rates  calculated  with  and  without  multiple  scat  tiling  Dio  values  correspond  to 
a solar  zenith  angle  of  45  and  half-sun  to  account  fot  day  night  averaging. 


Reaction 


Altitude  (Km) 


\,s 


JMs  V \ 


O,  ♦ he  * Ot  'l’l  ♦ Oj 

40 

to 

2.74 

2.40 

X 

X 

10  4 

10"4 

3.41 

3.18 

X 

X 

IO"4 

IO'4 

1.27 

1.33 

20 

2.06 

X 

I0"4 

2.15 

X 

10' 4 

1 43 

10 

2.01 

X 

10  4 

2.14 

X 

10  4 

1.46 

O,  ♦ he  • Ot'DI  ♦ <), 

40 

.10 

1.10 

5.30 

V 

io"4 

I0‘3 

1.01 

5.30 

X 

X 

10  4 

10' 3 

1.00 

1.01 

20 

7.41 

X 

10  * 

1.66 

X 

10  * 

1.21 

10 

5.44 

X 

10*' 

8.26 

X 

10  * 

1.52 

Oj  ♦ he  * O * O 

40 

3.01 

X 

IO10 

3.01 

X 

10  ,0 

1.00 

30 

1.83 

X 

io- 1 1 

1.74 

X 

10*  1 1 

0.95 

20 

5.73 

X 

10'  14 

4.42 

X 

10  14 

0.77 

10 

7.64 

X 

IO'20 

8.11 

X 

10  20 

1.17 

NO,  ♦ he  * NO  ♦ O 

40 

4.17 

X 

10'* 

7.73 

X 

10"  3 

1.56 

30 

4.85 

X 

10"  3 

7.67 

X 

10  3 

1.58 

20 

4.74 

X 

10"  3 

7.74 

X 

10"  3 

1.63 

10 

4.72 

X 

10' 3 

7.74 

X 

10"  3 

1.64 

UNO,  ♦ he  • OH  ♦ NO, 

.1  a 

40 

3.50 

\ 

I0‘ 5 

3.51 

X 

10  3 

1.00 

30 

4.66 

X 

IO"6 

4.54 

X 

10" 

0.17 

20 

3.25 

X 

IO'7 

4.54 

X 

10  7 

1.40 

10 

2.61 

X 

10- 7 

4.16 

X 

10  7 

1.51 

11,0,  ♦ he  JO>| 

40 

2.11 

X 

I0"5 

2.14 

X 

10  3 

1.01 

30 

3.71 

X 

10'*' 

4.07 

X 

to" 

1.07 

20 

1.30 

X 

I0"** 

1.85 

X 

io" 

1.42 

10 

1.10 

X 

io'' 

1.75 

X 

io" 

1.51 

HO,  ♦ he  -v  OH  ♦ O 

40 

30 

6.50 

3.35 

X 

X 

10  3 

10'  " 

6.41 

3.11 

X 

X 

10  3 

10  *’ 

1.00 

0.15 

20 

1.05 

X 

IO'8 

8.08 

X 

10  4 

0.77 

10 

1.55 

\ 

10  14 

1.81 

X 

10  14 

1.17 

CIONO  ♦ In  - CIO  ♦ NOj 

40 

30 

2.21 

5.01 

X 

X 

10  4 

10  3 

2.37 

6.83 

X 

X 

10- 4 

I0'3 

1.07 

1.34 

20 

3.41 

X 

10' 3 

5.46 

X 

10' 3 

1 60 

10 

3.28 

X 

10"  3 

5.40 

X 

10' 3 

1.65 

CINO,  ♦ he  - Cl  ♦ NO, 

40 

6.03 

X 

IO"4 

7.42 

X 

IO'4 

1.23 

30 

3.41 

X 

IO'4 

4.81 

X 

IO'4 

1.43 

20 

2.73 

X 

10"  4 

4.46 

X 

II-4 

1.63 

10 

2.64 

X 

IO'4 

4.42 

X 

10  4 

1.67 

OCIO  ♦ he  * CIO  ♦ O('o) 

40 

2.27 

X 

10*  3 

3.02 

X 

It)- 3 

1.33 

30 

1.53 

X 

10' 3 

2.21 

X 

10  3 

1.50 

20 

1.40 

X 

10*  3 

2.23 

X 

Ilf3 

1.51 

10 

1.31 

X 

10"  3 

2.23 

X 

10' 3 

1.60 

CH)  ♦ he  • Cl  ♦ 0 

40 

1.61 

X 

I0‘ 3 

1.62 

X 

10  3 

1.01 

30 

1.77 

X 

io-4 

1.78 

X 

10  4 

1 01 

20 

2.37 

X 

10' 3 

2.86 

X 

10  3 

1.21 

10 

1.57 

X 

10  3 

2.21 

X 

10  3 

1 46 
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liyurr  IV  Calculated  concentration  profiles  lor  UNO,.  \(>, 
ami  NO  for  ilu*  ambient  atmosphere,  without  multiple  scattering 
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Multiple  scattering  has  a large  effect  on  NO; 
photolysis  but  a negligible  effect  on  HNO(  above 
30  km  (see  Table  6)  The  reduction  in  HNO(  above 
V)  km.  therefore,  is  due  to  a decrease  in  the  HNOj 
production  rate  brought  about  primarily  by  the 
decrease  in  NOv  The  percentage  decrease  in  NOi  is 
greater  than  the  increase  in  OH.  consequently  there 
is  a net  decrease  in  the  rate  of  the  reaction  OH 
+ NO;  '•  HNOv  The  ratio  of  total  column  abun- 
dance computed  with  multiple  scattering  to  that 


computed  with  pure  absorption  is  0.94  for  NO-,  and 
1.36  for  NO. 

The  effect  of  multiple  scattering  on  species  con- 
taining chlorine  is  shown  in  l ig  24  The  concentra- 
tion of  CIONO:  is  reduced  35-45%  between  20  and 
30  km.  which  is  the  region  of  its  maximum  concen- 
tration. Photolysis  of  C'lONO;  affects  several  other 
chlorine-containing  species  through  a complex 
chain  of  reactions.  C ertain  key  reactions  arc 


Change  in  concentration  - % 

1 1 H art-  .’/  ( hinges  in  calculalvd  concent  nit  ions  of  (),.  Ot  V), 

ami  Ot  l)>  *hen  multiple  scattering  is  included  i compare  fig.  17). 


Change  in  concentration  - % 


I tgurc  ' I < hanges  in  calculated  concentrations  of  UNO , . \Oj . 
and  NO  tthen  multiple  scattering  is  included  (compare  fig.  I*>>. 


Change  in  concentration  - % 


/ lyurr  Change*  in  calculated  concentration*  of  It ,(), . lit),, 
and  Oil  when  multiple  scattering  is  included  (compare  Mg.  IK). 
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I igurr  '-I  Changes  in  calculated  concentrations  of  ( KINO,. 
C IO.  IICI,  and  Cl  whrn  multiple  scattering  is  included  (compare 

Mg.  20). 


TT^r 


hi* 

CIONO,  • CIO  • NO, 

no  * no  • n * no,  . 
n + ni4  • nn  ♦ cu, 


I he  peak  concentration  of  ( IONO,  occurs  near 
25  km.  so  photolvsis  ol  ( ION  ets  as  a strong 
source  ol  CIO  m this  region  I he  large  increase  in 
NO  between  20  and  50  km  tends  to  shill  CIO  to  Cl, 
leading  to  a net  decrease  in  CIO  in  this  region  and 
an  increase  in  Cl  I his  leads  to  an  increase  in  HCI 
production  through  reaction  of  Cl  with  ( ll4  The 
decrease  in  CIONO,  above  40  km  occurs  because  of 
the  effect  of  decreased  NO  , on  the  CIONO  , produc- 
tion rate  (CIO  + NO,'1-!  lONOo 

Model  Sensitiv  itv 

In  addition  to  affecting  the  concentration  of 
main  species  m the  model,  multiple  scattering  af- 
fects the  model  sensitivitv  to  perturbations  t his 
was  tested  for  an  NO,  perturbation  and  a Cl  M per- 
turbation I he  NO,  perturbation  was  an  injection 
of  NO,  at  a rate  of  1000  molecules  cm 's  as  NO, 
over  a l-k/n  thick  lover  centered  al  20  km  I he 
change  in  total  o/one  at  steady  slate  is  shown  in 
(able  7 lor  both  the  pure  absorption  and  the  multi- 
ple scattering  calculations  I he  ratio  of  the  percent 
change  in  o/one  with  multiple  scattering  to  the  per- 
cent change  with  pure  absorption.  R = MS  l’\,  is 
also  presented  in  fable  7.  Including  multiple  scat- 
tering has  very  little  effect  on  the  model  sensitivitv 
to  an  NO,  injection  at  20  km  ( R 1 .01 ) in  spite  of 
significant  differences  in  the  ambient  species 
profiles  Increasing  the  surface  albedo  from  0.25  to 
0 75  also  has  a verv  small  effect  on  the  model  sen- 
sitiv itv  (R  I 051  l onsequentlv,  the  choice  of  \, 
used  in  the  photodissociation  rate  calculations  is 
not  a critical  factor  in  NO,  perturbation  studies 
which  include  multiple  scattering  where  one  is 
primarily  interested  in  the  change  in  total  o/one.  It 
should  be  noted,  however,  that  the  choice  ol  A, 
^significant l\  affects  the  photodissociation  rales  and 
the  ambient  species  profiles  (see  I uther  and  NN  uch- 
bles  |47b  lor  details! 

I he  effect  of  v ariations  in  model  chemistry  on  the 
above  results  was  tested  first  bv  varving  the  reaction 
rate  for  Oil  f HO,  ■ 11,0  > (),.  then  bv  making 
the  changes  listed  in  I able  5 \ recent  measurement 
b>  Burrows  et  al.  ( l‘>77j  gives  a value  of  5 I X 10  11 
for  the  rate  coefficient  of  OH  + HO,  ( hang  and 
Kaufman  ( I *>77 > report  an  upper  limit  of  5 X 10  11 
lor  the  rate  coefficient,  whereas  their  experimental 
results  are  best  fitted  bv  using  a value  of  2 X 10  11 


((  hang  and  Kaufman  1477)  I he  calculations 
described  above  were  repealed  using  a value  ol  5 I 
X 10  ",  and  the  results  are  presented  in  I able  7 
( hanging  this  rate  coefficient  sigmlieaiitlv  increases 
the  o/one  reduction  due  to  this  NO,  perturbation 
but  there  is  no  significant  change  in  R (MS  I*  \ t 

\\  hen  the  new  rate  coefficients  listed  in  1 able  5 
were  incorporated  into  the  model,  the  effect  ol  the 
NO,  injection  changed  from  a reduction  to  an  m 
crease  in  total  o/one.  Including  multiple  scattering 
in  this  case  significantly  enhanced  the  o/one  in- 
crease I he  change  in  AO,  due  to  including  multiple 
scattering,  however,  is  small  compared  to  the 
change  in  AO,  resulting  from  changing  the  model 
ehemislrv 

l or  the  ( I M perturbation,  we  consider  the 
steady-state  o/one  reduction  due  to  ( I Ms  at  the 
1475  release  rate,  which  is  assumed  tv'  be  240 
kilotonnes  vr  for  ( I Cl,  and  425  kilotonnes  vr  for 
Cl  ,(  I,  Results  lor  both  the  pure  absorption  and 
multiple  scattering  calculations  are  presented  in 
I able  S I or  the  Cl  M perturbation,  including  mul- 
tiple scattering  increases  the  o/one  reduction  bv  a 
factor  of  I In  for  a surface  albedo  of  0.25  \s  in  the 
case  of  the  NO,  perturbation,  changing  the  surface 
albedo  has  little  effect  on  the  change  in  total  o/one. 
e g . the  o/one  reduction  increases  bv  a factor  ol 

Table  ' ('lunge  in  total  o/one  due  to  an  NO,  injection 
of  1000  molecules  em'-s  as  NO,  over  a l-km-thnk  layer 
centered  at  20  km.  K is  (lie  ratio  AO,  (multiple 
scattering)  Allj  (pure  absorption). 


Case 

AO,  ('<) 

K 

(a)  Oil  ♦ ltd,  rate  coefficient 
= !\  It)'": 

Pure  absorption 

-2.54 

Multifile  scatlering, 

A,  = 0.25 

-2.5b 

1.01 

Multiple  scattering, 

A,  = 0.75 

-2.40 

1.05 

(tv) OK  » IIO,  rate  coefficient 

= 5.1  \ 10": 

Pure  absorption 

-.1.44 

Multiple  scattering 

A,  - 0.25 

-5.50 

1.02 

(c)  Kale  changes  given  in 
t able  5: 

Pure  absorption 

-0.07 

Multiple  scattering, 

A,  = 0.25 

0.54 

1.4* 

*Kalm  is  not  meaningful  for  such  small  quantities. 
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117  i dative  to  the  pure  absorption  calculation  us- 
ing a surface  albedo  of  0.75.  When  the  rate  coef- 
ficient for  OH  + HO?  is  increased  to  5.1  X 10  ~ 1 1 . 
the  o/one  reduction  with  multiple  scattering  in- 
creases by  a factor  of  122  (Table  8)  relative  to  the 
pure  absorption  calculation. 

I sing  the  rale  coefficients  in  Table  5 approx- 
imately doubles  the  predicted  o/one  reduction  due 
to  C l Ms  In  this  case,  including  multiple  scattering 
still  causes  a significant  increase  in  AO;  (i.e., 
R = 1.21). 

The  effect  of  multiple  scattering  on  species  con- 
centration profiles  ill ust i ales  the  importance  of  in- 
cluding multiple  scattering  when  comparing  model- 
derived  concentration  profiles  with  observational 
data.  I or  the  cases  studied,  the  effect  on  mode)  sen- 
sitivity of  including  multiple  scattering  ranged  from 
no  change  in  AO,  compared  to  the  pure  absorption 
calculation  to  a significant  increase  in  AO,  de- 
pending upon  the  model  chemistry.  The  change  in 
AO,  due  to  multiple  scattering,  however,  was  small 
compared  to  the  change  in  AO,  resulting  from  vary- 
ing chemical  reaction  rates. 


I'ublc  S Change  in  total  ozone  due  to  CFMs  at  the 
I *>75  release  rate.  R is  the  ratio  AO., (multiple 
scattering!  AO,  (pure  absorption). 


Case 

AO,  (%) 

R 

(a)  OH  + HO 2 rate  coefficient 
= 2 X 10-11; 

Pure  absorption 

-6.31 

Multiple  scattering. 

A,  = 0.25 

-7.31 

1.16 

Multiple  scattering, 

Ax  = 0.75 

-7.41 

1.17 

(b)OH  ♦ IIOj  rate  coefficient 
= 5.1  x 10-11; 

Pure  absorption 

-3.86 

Multiple  scattering, 

Ax  = 0.25 

-4.70 

1.22 

(e)  Rate  changes  given  in 

Table  5: 

Pure  absorption 

-11.95 

Multiple  scattering, 

A,  = 0.25 

-14.42 

1.21 

2.6  Kffect  or  Changes 
in  Stratospheric  Water  Vapor 
on  Ozone  Reduction  Kstimates  * 

The  potential  threat  to  the  earth's  o/one  layer  of 
supersonic  transports'  engine  effluents  and 
chlorofluoromethanes  has  received  a great  deal  of 
attention.  Turly  estimates  of  the  potential  o/one 
reduction  considered  NOx  or  CTM  pollutants 
alone.  However,  recent  assessments  have  also  con- 
sidered the  possibility  of  a simultaneous  change  in 
stratospheric  water-vapor  abundance  (I  m et  al 
1976.  Duewer  et  al.  1977b).  Both  of  these  studies 
showed  that  increased  water  vapor  caused  enhanced 
o/one  reduction  for  the  then  accepted  rate  coef- 
ficients. 

The  HsO  emission  index  ( 1.3  kg  kg  fuel)  is  much 
larger  than  the  NOx  emission  index  (0  0 1 S kg  kg 
fuel)  for  SSTs  (Cirobecker  et  al.  1974).  An  annual 
fuel  consumption  rate  of  10* 1 kg  yr  for  a Heel  of 
SSTs  at  a cruise  altitude  of  20  km  would  increase 
the  stratospheric  water-vapor  burden  approx- 
imately 15%  (Cirobecker  et  al.  1974.  p.  52).  Changes 
in  atmospheric  composition  due  to  stratospheric 
perturbations  might  affect  stratospheric  water- 
vapor  abundance  indirectly  by  changing  the  tem- 
perature of  the  tropical  tropopau.se.  Since  the 
saturation  vapor  pressure  of  HsO  doubles  for  a rise 
of  4 k in  tropopause  temperature  (Lllsaesser  1974. 
Uu  et  al.  1976).  this  could  have  a larger  effect  than 
the  direct  injection  of  water  vapor  in  the 
stratosphere. 

The  most  thorough  study  to  date  of  the  effect  of 
changes  in  water  vapor  abundance  on  the  estimated 
ozone  reduction  by  NOx  and  CT  M pollutants  is  that 
of  l.iu  et  al.  (1976).  who  used  a one-dimensional 
transport-kinetics  model  for  their  calculations.  Im- 
posing an  increase  in  the  water-vapor  mixing  ratio 
of  I ppmv  at  the  tropopause  caused  an  additional 
reduction  in  total  o/one  of  0.3—  1 .0°T  (front  their 
Tig.  12)  for  an  NOx  perturbation  and  0.4-1 .4°; 
(from  their  Tig.  5)  for  a CTM  perturbation;  the 
range  cited  reflects  v ariation  of  the  reaction  rate  for 
OH  + IK)?  • HsO  + Os  between  2 X It'  10 and  2 x 
10  11  cm  ’ s.  The  largest  sensitivity  to  changes  in 
water  vapor  abundance  was  associated  with  the 
slow  rate  for  this  reaction  Although  the  change  in 
stratospheric  water- vapor  abundance  was 
postulated  to  be  due  to  a change  in  tropopause  tem- 
perature. the  temperature  profile  was  fixed,  and  the 
effect  of  changes  in  temperature  on  chemical  reac- 
tion rales  was  not  included  in  their  calculations  \\  e 


•See  I uiher  and  Duewer  , IS77I 
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have  expanded  upon  the  work  ofl.iu  et  al.  ( 1976)  by 
including  temperature  changes  in  our  calculations. 

In  order  to  include  the  effect  of  changes  in  tem- 
perature. we  used  the  one-dimensional  transport- 
kinetics  model  coupled  with  a stratospheric 
radiative  transfer  model  I he  transport-kinetics 
model  used  in  this  studs  included  multiple  scatter- 
ing m the  photodissociation  rate  calculation  assum- 
ing a surface  albedo  of  0.25.  C alculations  were 
made  using  the  model  chemistry  listed  in  Table  A- 1 
of  \ppendix  A and  the  old  rates  listed  in  Table  5. 
then  the  calculations  were  repeated  using  the  new 
rales  listed  in  Table  5. 

\ stratospheric  radiative  transfer  model  (Luther 
et  al.  1977a)  is  used  to  compute  the  temperature 
profile  above  12  km.  The  temperature  profile  below 

12  km  is  specified.  The  model  includes  solar  absorp- 
tion and  long-wave  interaction  by  Oy.  HyO.  and 
COy  along  with  solar  absorption  by  NOy.  The 
radiative  transfer  model  is  the  same  as 
Ramanathan  s (1974)  except  that  we  have  added 
solar  absorption  by  NOv  There  are  several  dif- 
ferences between  this  model  and  Kamanathan’s 
latest  model  (Ramanathan  1976).  as  described  in 
detail  in  his  paper 

We  assume  that  the  change  in  surface  tem- 
perature is  negligible  The  change  in  surface  tem- 
perature associated  with  a 10%  reduction  in  o/one 
due  to  ( I Ms  at  a tropospheric  concentration  of  ap- 
proximately 2 ppb  was  computed  to  be  0.3  K or  less 
by  Ramanathan  (1975)  and  by  Reck  (1976).  Ozone 
reductions  up  to  30%  due  to  NO,  injections  were 
computed  to  cause  a change  of  less  than  0.1  K in 
surface  temperature  by  Ramanathan  et  al.  (1976). 
Neglecting  changes  in  surface  temperature  of  this 
magnitude  has  no  significant  effect  on  the  results. 

The  tropospheric  distribution  of  HyO  is  based  on 
Mastenbrook  ( 1974).  The  stratospheric  mixing  ratio 
of  Hit)  is  assumed  to  be  4.3  ppmv.  Liu  et  al.  ( 1976) 
computed  the  stratospheric  distribution  of  HyO  by 
specifying  the  mixing  ratio  at  the  tropopause  and 
assuming  that  methane  oxidation  increases  the 
water  content  of  the  upper  stratosphere.  Their 
calculations  showed  that  changing  the  water-vapor 
mixing  ratio  at  the  tropopause  by  some  amount 
AH  yO  resulted  in  the  same  change  in  mixing  ratio  at 
altitudes  up  to  50  km.  Above  50  km.  the  change  in 
local  HyO  mixing  ratio  was  less  than  AHyO  at  the 
tropopause.  In  our  calculations,  when  the 
stratospheric  water-vapor  mixing  ratio  is  changed, 
the  same  AHyO  is  applied  at  all  altitudes  above 

13  km.  thus  leading  to  a change  in  stratospheric 
water-vapor  abundance  similar  to  that  of  Liu  et  al. 
(1976). 

l arge-scale  dy  namical  processes  are  neglected  in 
the  determination  of  the  temperature  profile.  These 


processes  have  a significant  effect  on  the  tem- 
perature profile  near  the  tropopause.  Lor  our  ap- 
plication here,  the  ability  of  the  model  to  compute 
the  change  in  temperature  is  more  important  than 
the  particular  ambient  temperature  profile.  Since 
changes  in  atmospheric  dynamics  brought  about  by 
changes  in  temperature  structure  and  in  the  radia- 
tion balance  are  not  included  in  the  model  (or  any 
other  transport-kinetics  model  at  the  present  time), 
there  may  be  significant  errors  in  the  predicted  tem- 
perature change  in  the  lower  stratosphere.  Conse- 
quently. in  discussing  the  results,  we  want  to 
emphasize  their  qualitative  nature  rather  than  the 
quantitative  details. 

NO,  Injection 

The  effect  of  a change  in  stratospheric  water 
vapor  on  total  ozone  was  computed  for  cases  with 
and  without  a simultaneous  NO,  injection  in  order 
to  lest  the  sensitivity  of  the  results  to  the  magnitude 
of  the  NO,  perturbation.  We  consider  an  NO,  injec- 
tion rate  of  1000  molecules/cm  '-s  as  NOy  over  a I- 
km-lhick  layer  centered  at  20  km.  which  is  a larger 
injection  rate  than  that  used  by  Liu  et  al.  (1976). 
Calculations  were  first  performed  using  (lie  fixed 
ambient-temperature  profile  in  order  to  verify 
qualitatively  the  results  obtained  by  Liu  et  al. 
(1976).  then  the  calculations  were  repeated  with 
temperature  feedback  included.  The  results  using 
the  Chang  (1976)  diffusion  coefficients  are  pre- 
sented in  Fig.  25.  which  shows  the  change  in  total 
ozone  at  steady  state  as  a function  of  the  change  in 
stratospheric  water  vapor  mixing  ratio.  This 
calculation  did  not  include  the  recent  changes  in 
chemistry  listed  in  Table  5. 

W ith  no  change  in  ICO.  this  NOv  injection  causes 
a reduction  in  total  ozone  of  2.25%  with  a fixed  tem- 
perature profile  and  2.03%  with  temperature  feed- 
back. Temperature  feedback,  therefore,  has  approx- 
imately a 10%  restoring  effect  on  the  change  in  total 
ozone,  which  is  consistent  with  our  earlier  results 
(Luther  et  al.  1977a). 

The  results  using  a fixed  temperature  profile  are 
similar  to  those  of  Liu  et  al.  ( 1976)  for  the  slow  reac- 
tion rate  of  OH  + HOy.  The  slope  of  AO,  versus 
AH yO  is  -0.42%/ppmv  (at  AHyO  = 0)  with  the  NO, 
injection  and  -0.64%/ppmv  with  no  NO,  injection 
as  compared  to  Liu  el  al.'s  value  of  -1.0%  ppnn. 
thus  our  model  is  less  sensitive  to  changes  in  water 
vapor  abundance.  The  results  also  demonstrate  that 
the  model  sensitivity  depends  upon  the  amount  of 
NO,  present.  Since  the  eddy  diffusion  profile  affects 
the  background  NO,,  the  results  can  be  expected  to 
depend  also  upon  the  eddy  diffusion  profile  used  in 
the  calculation. 
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Change  in  H20  — ppmv 

/ igurr  < hanpe  in  total  ozone  v, change  in  water-vapor  mixing 
ratio  a hint  13  km.  computed  using  the  (hang  ( l')7b ) K,  profile 
Kith  and  without  an  NO,  injection  of  1000  molecules/cm  s of 
M)2  user  a l-km-thick  layer  centered  at  20  km:  (a)  without  M), 
injection,  thi  with  Nt)(  injection. 


O + Oil  - O,  + II  . (6-31 

H + 0,  - IIO,  . (64) 

HO,  + O - Oil  + O,  (6-5) 

(net:  20  - O, ) . 

Increasing  the  water-vapor  mixing  ratio  increases 
the  ozone  destruction  rate  in  these  regions  because 
HO,  increases  (Fig.  26a).  \lthough  relatively  large 
percentage  changes  occur  in  the  o/onc  concentra- 
tion above  40  km.  these  changes  make  a relatively 
small  contribution  to  the  change  in  total  ozone 
because  of  the  small  Oy  concentration  above  40  km. 

The  NOx  catalytic  cycle  dominates  odd  oxygen 
destruction  in  the  middle  stratosphere.  Increased 
HO,  decreases  ozone  destruction  in  the  25-to-35-km 
region  because  of  two  processes.  First,  more  NO,  is 
converted  to  HNOy  by  the  reaction  NO-  + OH. 
thus  inhibiting  the  NO,  catalytic  cycle.  Secondly, 
increased  HO,  leads  to  interference  with  NOx  cycle 
destruction  of  odd  oxygen  through  the  reactions 


When  temperature  feedback  is  included,  the 
results  change  dramatically.  An  increase  in 
stratospheric  water  vapor  now  causes  less  reduction 
in  total  ozone,  the  slope  being  0.21%/ppmv  for  this 
NO,  injection.  With  no  NOx  injection,  the  model  is 
virtually  insensitive  to  changes  in  water  vapor. 

An  analysis  of  the  effect  of  changes  in  water 
vapor  with  fixed  temperature  is  helpful  in  showing 
why  temperature  feedback  has  such  a significant  ef- 
fect. Profiles  of  the  change  in  ozone  concentration 
due  to  the  NO,  injection  at  20  km  are  shown  in 
Fig.  26a  for  various  values  of  AH,0.  Destruction  of 
odd  oxygen  is  dominated  by  HO,  reactions  in  the 
regions  10-20  km  and  40-50  km.  In  the  I0-to-20- 
km  region,  odd-oxygen  destruction  is  dominated  by 
the  reactions 


OH  + 03  - HO,  + O,  . (6-1) 

HO,  + O,  - OH  + 20,  (6-2) 

(net:  203  - 30,)  . 


whereas  in  the  40-to-50-km  region  the  dominant 
reactions  are 
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I igurr  f>  ( hange  in  o/one  concentration  *»  height  due  to  the 
NO,  injection  of  kip.  25.  calculated  for  several  values  of  Alt,*), 
with  and  without  temperature  feedback. 


HO;  + NO  • NO;  + OH  (6-6) 

NO;  . NO  + O (6-7) 

Old:  HO;  Oil  -t-  O) 


Since  ihe  rale  of  destruction  of  odd  oxygen  depends 
upon  the  amount  of  HOx  and  NOx  in  this  region, 
the  effect  of  changing  the  water-vapor  mixing  ratio 
will  depend  to  some  extent  upon  the  magnitude  of 
the  \Ox  injection 

Similar  results  for  the  calculation  including  tem- 
perature feedback  are  shown  in  big.  26b.  Compar- 
ing lags.  26a  and  26b.  we  see  in  the  latter  less  sen- 
sitivity to  changes  in  water  vapor  above  40  km  and 
in  the  region  10-20  km.  However,  the  sensitivity  is 
enhanced  in  the  region  25-25  km.  In  order  to 
demonstrate  the  effect  of  changes  in  water  vapor 
and  temperature  on  o/one  more  clearly,  we  in- 
troduce the  quantity  IX), u)  which  is  defined  by 


1)0, (/)  (C0|unln) 


(6-8) 


where  A[0,]7  is  the  change  in  local  o/one  concen- 
tration. and  O, (column)  is  the  unperturbed  total 
o/one.  The  function  DO,(z)  represents  the  con- 
tribution per  unit  altitude  to  the  change  in  total 
o/one.  The  change  in  total  o/one  is  therefore  given 
by  the  integral 


AO, 


DO,(z)  dz  . 


(6-9) 


In  other  words,  the  area  under  the  curve  of  DO,(z) 
versus  / equals  AO,.  In  order  to  extract  the  con- 
tribution to  1)0,  due  expressly  to  changes  in  water- 
vapor  mixing  ratio,  we  introduce  the  expression 
ADO, (ICO),  which  is  defined  by 


ADO, (11,0)  = D0,(AH,0)  - D0,(AH,0  = 0)  . 

(6-10) 

where  ADO, (ICO)  is  a function  of  altitude  (z). 
although  the  / dependence  is  not  indicated.  This 
function  is  plotted  for  several  values  of  AH;0  in 
big.  27a  for  the  case  with  fixed  temperature  and  in 
big.  27b  for  the  case  with  temperature  feedback. 


Those  regions  in  which  changes  in  water  vapor 
either  increase  or  decrease  o/one  are  clearly  ap- 
parent. With  fixed  temperature  the  greatest  con- 
tribution to  the  change  in  total  o/one  comes  from 
the  change  in  o/one  concentration  in  the  region 
10-25  km.  whereas  with  temperature  feedback  the 
greatest  contribution  comes  from  change'  in  the 
region  20-30  km.  These  differences  are  related  to 
the  sensitivity  of  various  reaction  rates  to  changes  in 
temperature. 

The  changes  in  temperature  due  to  the  Nt  )x  injec- 
tion at  20  km  along  with  changes  in  water-vapor 
mixing  ratio  are  shown  in  big.  28.  W ith  no  change 
in  water  vapor.  NOx  injection  causes  a temperature 
increase  in  the  vicinity  of  the  tropopause  1 15  km) 
and  a temperature  decrease  above  21  km.  Increas- 
ing the  water-vapor  mixing  ratio  now  decreases  the 
temperature  by  varying  amounts  at  all  altitudes 
above  13  km.  The  o/one  destruction  reactions  have 
positive  activation  energies,  thus  they  are  slowed 
when  the  temperature  is  decreased.  In  contrast, 
o/one  production  is  a photolvtic  process  nearly  in- 
dependent of  temperature. 

Reactions  (6-1)  and  (6-2)  have  relatively  high  ac- 
tivation energies.  Consequently,  they  are  very  sen- 
sitive to  temperature  change.  As  shown  in  l ig.  27. 
the  o/one  destruction  due  to  enhanced  water  vapor 
in  the  region  10-20  km  is  greatly  reduced  due  to  the 
temperature  decrease.  The  NOx  cataly  tic  reactions, 
which  dominate  o/one  destruction  in  the  region 
20-40  km.  have  moderate  activation  energies. 
Therefore,  the  decrease  in  o/one  destruction  in  this 
region  (which  appears  as  enhanced  o/one  produc- 
tion in  big.  27)  is  also  significant,  but  it  is  not  as 
large  as  in  the  region  10-20  km.  Reactions  (6-3).  (6- 
4).  and  (6-5)  have  very  low  activation  energies,  so 
the  region  40-50  km  is  least  sensitive  to  changes  in 
temperature. 

The  increase  in  stratospheric  water  vapor  is 
postulated  upon  the  assumption  of  an  increase  in 
the  tropopause  temperature.  The  calculation  indeed 
shows  (big.  28)  an  increase  in  temperature  at  the 
altitude  of  the  tropopause  (15  km)  for  AHA)  = 0. 
which  occurs  because  of  increased  solar  absorption 
by  NO;  (Luther  et  al.  1977a).  As  AH;0  increases, 
the  temperature  at  this  level  decreases,  which  is  a 
negative  feedback  process  limiting  the  change  in 
H;0.  The  tropopause  temperature  might  also  be  af- 
fected by  changes  in  surface  temperature  resulting 
from  increased  stratospheric  water  vapor,  but  this 
effect  has  not  yet  been  included  in  the  calculation. 
In  order  to  accurately  estimate  the  expected  change 
in  the  temperature  of  the  tropical  tropopause  and 
the  change  in  the  stratospheric  water-vapor  mixing 
ratio,  we  would  need  a multidimensional  model 
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(a) 


AD03  (H20)  - 10'2%/km 


/ ifturr  " 

Ihv  NO,  ii 


( alculatrd  profiler  of  IM)  II  ,Oi  corresponding  to  various  values  of  AI1*0  using  the  ( hang  1 |V7<»>  k,  profile  for  (he  case  of 
\ injection  of  tig.  25:  (a)  with  fixed  temperature,  (b)  nith  temperature  feedback. 


AH20  (ppmv) 
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Change  in  temperature  - K 

Insure  'S  ( alculalrd  changrs  in  Irmprralurr  for  Ihr 
Mnlwphrr  perturbed  b>  Ihr  NO , injrction  of  tig.  25. 


capable  of  computing  changes  in  dynamics 
(transport)  and  temperature.  This  entails  predicting 
changes  in  the  mean  and  edd>  components  of  the 
circulation  as  well  as  changes  in  the  energ>  and 
moisture  budgets.  The  one-dimensional  calculation 
is  useful  in  that  it  qualitative!)  demonstrates  that 
large  changes  in  stratospheric  water  vapor  are 
unlikely. 

In  order  to  test  the  degree  to  which  these  results 
might  be  model-dependent,  we  repeated  the  calcula- 
tions using  the  Huntcn  k,  profile:  the  results  are 
shown  in  l ig.  29.  The  model  sensitivity  to  changes 
in  water-vapor  mixing  ratio  without  an  NO,  injec- 
tion is  nearly  the  same  using  the  Huntcn  k,  profile 
as  it  was  using  the  Chang  ( |97<v)  k,  profile  (I  ig.  25) 
The  slope  of  AOt  versus  H.O  is  -0.75'i  ppmv  with 
no  temperature  feedback  as  compared  with 
-O.Mr;  ppmv  using  the  Chang  k,  profile  When 
temperature  feedback  is  included,  the  slope  is  nearly 
zero.  However,  with  the  NO,  injection,  the  model 
sensitivity  changes  significantly.  I irst.  the  ozone 
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reduction  with  no  change  in  HyO  using  a lived  tem- 
perature profile  is  considerably  larger  with  the  Hun- 
ten  K/  profile  4 66”  as  compared  to  2 25''< 
Second,  the  slopes  of  the  curves  are  changed 
dramatically  I he  amount  of  o/one  reduction  due 
to  an  increase  in  I HO  is  reduced  for  the  fixed- 
temperature  calculation  tlhe  slope  is  -0.07'  ppmv 
as  compared  with  -0  4 2' 7 ppmv  previously)  lor 
the  calculation  with  temperature  feedback,  the 
reduction  in  .A()(  due  to  increased  Hd)  is  further 
enhanced  (the  slope  is  0.63%  ppmv  as  compared 
with  0.2 r;  ppmv  previously).  Thus,  the  choice  of 
the  k,  profile  and  the  magnitude  of  the  NOv  injec- 
tion significantly  affect  the  sensitivity  to  changes  in 
lid) 

Profiles  of  .il>O,(H’0)  are  shown  in  I igs  30a 
and  K)b  for  the  calculations  with  fixed  temperature 
and  with  temperature  feedback,  respectively  Ihe 
results  arc  qualitatively  similar  to  those  in  I ig  27. 
but  there  arc  some  quantitative  differences  I he 
o/one  production  (or  destruction,  depending  upon 
the  sign  of  A 1 1 sO)  in  the  region  20-35  km  approx- 
imately balances  the  o/one  destruction  (production) 
in  the  region  10-20  km  for  the  fixed-temperature 
calculation  using  the  llunlen  k/  profile,  whereas  the 
lower  region  is  dominant  using  the  C hang  k, 
prof ile.  Above  35km.  the  curves  are  virtually  un- 
changed. Ihe  o/one  production  (destruction)  in  the 
region  20-35  km  using  the  llunlen  k,  profile  shows 


I i#uri  Calculated  profiles  of  1)0  II 20'  corresponding  to  various  values  of  AMjO  using  the  llunlen  < 1975)  H,  profile  for  the  case  of 
the  NO  % injection  of  Kig.  25:  (a)  with  fixed  temperature.  ih>  with  temperature  feedback. 
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more  enhancement  with  temperature  feedback  than 
w hen  the  ( hang  K/  profile  in  used 

I he  o/one  production  in  the  region  20-35  km 
associated  with  an  increase  in  HyO  is  the  net  result 
of  competing  processes,  some  which  tend  to  in- 
crease o/one  and  some  w hich  tend  to  destroy  o/one 
I he  net  result  is  sensitive  to  the  IK\  and  NOx  abun- 
dances. which  are  affected  by  the  diffusion  coef- 
ficient profile,  key  reaction  rates  such  as  OH  + HOy 
and  HOy  + NO.  and  the  magnitude  of  the  NOv  m- 
lection  Because  of  uncertainties  in  these  quantities, 
there  is  a significant  uncertainty  in  the  quantitative 
results  in  the  region  20-35  km  of  I igs  27  and  30 
these  figures,  however,  illustrate  the  significant  ef- 
fect which  changes  in  temperature  have  on  the 
chemistry  in  the  region  below  35  km 

I he  computed  change  in  total  o/one  due  to  a 
change  in  water-vapor  mixing  ratio  using  the 
chemical  rates  listed  in  fable  5 and  the  C hang  k, 
profile  is  shown  in  I ig  31  Although  the  model  sen- 
sitivity to  a stratospheric  NOv  injection  with  AllyO 
3 0 has  changed  from  a decrease  in  total  o/one  to 
an  increase,  the  effect  on  o/one  of  changing  water- 
vapor  abundance  is  nearly  unchanged  Compared 
to  I ig  25.  the  curves  arc  displaced,  but  the  slopes  of 
the  curves  arc  changed  only  slightly. 
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Profiles  of  AlX)i(HyO)  are  shown  in  I igs  32a 
and  32b  for  the  calculations  with  fixed  temperature 
and  with  temperature  feedback  The  curves  arc 
qualitatively  similar  to  those  shown  m I ig  27.  but 
quantitatively  they  are  quite  different  Although 
there  are  similar  regions  of  local  o/one  increase  or 
decrease,  the  magnitude  ol  the  change  in  o/one  con- 
centration has  been  significantly  affected,  par- 
ticularly in  the  region  25-35  km 

(T\l  Release 

I he  effect  ol  changes  in  stratospheric  water- 
vapor  abundance  on  the  o/one  reduction  due  to 
Cl\  pollutants  was  also  tested.  The  perturbation 
which  we  considered  was  a steady -state  release  of 
Cl  Ms  at  the  l*)?5  release  rate,  which  is  assumed  to 
be  2W  kilotonnes  yr  for  CPCIj  and  425  kilo- 
tonnes  yr  for  (.TyCly.  1 he  long-wave  effects  ol 
Cl  Clj  and  Cl  yCly  are  not  included  in  the  radiative 
transfer  model.  These  effects  have  been  shown  to  be 
significant  by  Rantanalhan  (IdTpj  for  species  con- 
centrations of  several  ppb  This  introduces  con- 
siderable uncertainty  into  the  temperature  calcula- 
tion m the  region  15-25  km  for  the  perturbed 
stratosphere.  The  effect  of  changes  in  water  vapor 
abundance  on  total  o/one  is  not  altered  since  the  in- 
cremental change  in  temperature  due  to  AH-O  is 
not  changed  significantly  There  will  be  an  effect, 
however,  on  the  o/one  reduction  for  the  tem- 
perature feedback  calculation  with  AllyO  0 The 
eurv  e of  AO * versus  A HyO  will  be  displaced,  but  the 
slope  will  not  be  significantly  affected 

The  steady -state  reduction  in  total  o/one  com- 
puted using  the  Chang  k,  profile  is  show n in  Tig  33 
as  a function  of  AH  yO  The  reduction  in  total  o/one 
is  t> for  the  fixed-temperature  calculation  with 
no  change  in  water  vapor.  The  sensitiv  ity  to  changes 
in  water  vapor  is  enhanced  by  the  CTM  injection, 
unlike  our  findings  for  an  NOv  injection  The  slope 
of  AO  j versus  AH  yO  is -I  2*1-  ppniv  as  compared  to 
-O.M'r  ppmv  with  only  a change  in  water  vapor 
(Tig  25a ) Our  results  with  fixed  temperature  agree 
very  well  with  those  of  l iu  et  al.  ( 1*4761.  who  got  a 
value  of  -I  4*'<  ppmv  with  l ppb  of  Cl\ 

Including  temperature  feedback  reduces  the  sen- 
sitivity to  changes  in  HyO.  but  not  sufficiently  to 
change  the  sign  of  the  slope  of  AOi  versus  A IlyO  as 
was  the  ease  with  the  NOx  injection.  The  slope  with 
temperature  feedback  is  ppmv.  which  is  halt 

that  with  fixed  temperature.  The  change  in  slope 
due  to  temperature  feedback  is  approximately  the 
same  as  the  difference  between  the  slopes  of  the 
curves  m Tig.  25b. 

Tigurc  34  shows  the  change  in  o/one  concentra- 
tion versus  height  for  the  fixed-temperature  and 
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temperature-feedback  calculations  with  AH:0  = 0 
The  differences  between  these  two  calculations  are 
attributed  direct!)  to  the  change  in  temperature 
(shown  m fig  351  1 he  temperature  decreases 

aOovc  30km.  thus  slowing  the  o/one  destruction 
reactions,  resulting  in  less  o/one  destruction  with 
temperature  feedback  Below  30  km  the  tem- 
perature increases,  which  (again  using  an  activation 
energy  argument)  results  in  less  o/one  production 
or  more  o/one  destruction. 

With  no  change  in  water  vapor,  the  temperature 
change  at  the  tropopause  was  -0.03  k,  The  concen- 
tration of  t'l  Ms  at  the  tropopause  was  0.7  ppb  for 
O C l,  and  1.7  ppb  for  C'fsC'h  Radiative  transfer 
calculations  which  include  the  long-wave  effect  on 
O Ms  at  this  concentration  show  a warming  at  the 
tropopause  of  about  I k (1  iu.  private  communica- 
tion. I *>‘T7).  This  would  enhance  slightly  the  dif- 
ference between  the  two  curves  shown  in  f ig  34  in 
the  region  10-20  km.  The  negative  feedback  be- 
tween changes  in  water  vapor  and  temperature  dis- 
cussed above  for  the  NOv  perturbation  is  also  ap- 
parent in  f ig  35,  thus  it  is  unlikely  that  the  water- 
vapor  mixing  ratio  will  increase  more  than  about 
I ppim  due  to  this  Cf  M perturbation 

J he  profiles  of  ADO,(  HsO)  are  presented  in 
fig  36  for  the  Cf'M  perturbation.  The  results  differ 
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lift tt  .6  Calculated  profiles  of  temperature  change  in  the 
stratosphere  corresponding  lo  various  values  of  all  .(>.  assuming 
stratosphere  perturbed  bv  t'KMs  at  the  Idsy  release  rate. 


significantly  from  those  shown  in  fig.  2'  for  the 
NOv  injection.  Although  there  is  a region  of 
reduced  sensitivity  near  30  km.  there  is  no  longer  a 
crossover  region.  Temperature  feedback  causes  a 
shift  in  sensitivity  similar  to  that  for  the  NO,  pertur- 
bation case,  for  smaller  CFM  release  rates,  there  is 


htcun  ( alntlatcd  profiles  of  1*0 ,«  H,()i  corresponding  lo  various  values  of  aH,<>  using  the  ( hang  , |0’M  k,  profile  for  the  case  of 
( IMs  at  the  Id'S  release  rale:  ia>  with  fixed  temperature,  ( b > with  temperature  feedback. 
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a crossover  similar  to  Fig.  27,  which  illustrates  the 
dependence  upon  the  magnitude  of  the  CFM  per- 
turbation. 

The  effect  of  changes  in  water  vapor  is  somewhat 
different  for  the  CT  M perturbation  because  of  the 
importance  of  the  reaction 

OH  + I1CI  • H sO  + Cl  (6-11) 

Although  increased  HO,  in  the  lower  atmosphere 
tends  to  increase  O*  due  to  conversion  of  NO,  to 
HNOi  and  production  of  odd  oxygen  through  reac- 
tions (6-6)  and  (6-7),  it  also  releases  more  free 
chlorine  through  reaction  (6-11)  which  tends  to 
enhance  the  ozone  reduction.  The  results  depend 
upon  the  magnitude  of  the  CFM  perturbation 
because  of  its  effect  on  the  concentration  of  HCI. 
Again,  we  are  seeing  in  Fig.  36  the  net  effect  of 
many  competing  processes. 

In  analyzing  the  effect  of  changes  in  water  vapor 
on  the  ozone  profile,  we  found  that  the  region  be- 
tween 10  and  35  km  was  most  sensitive.  In  the  25- 
to-35-km  region,  an  increase  in  HiO  may  either  in- 
crease ozone  or  decrease  ozone  depending  upon  the 
concentrations  of  NO,  and  Cl:  the  larger  the  NO, 
perturbation,  the  more  HiO  tends  to  decrease 
ozone. 

The  results  depend  quantitatively  upon  the  reac- 
tion rales  and  the  K.,  profile  u*ed  for  the  calcula- 
tion. Because  of  uncertainties  in  these  quantities, 
the  qualitative  nature  of  the  results  should  be 
emphasized  rather  than  their  quantitative  nature. 
The  change  in  O,  depends  upon  the  net  effect  of 
several  competing  mechanisms,  particularly  in  the 
region  25-35  km.  In  spite  of  significant  changes  in 
model  chemistry  , the  calculations  still  indicate  that 
changes  in  stratospheric  water  vapor  would  have 
much  less  effect  on  total  ozone  than  originally  es- 
timated by  I iu  el  al.  (1976). 

2.7  Effect  of  Past  Atmospheric 
Nuclear  Tests  on  Ozone  * 

It  was  suggested  by  Foley  and  Ruderman  (1973) 
that  the  atmospheric  nuclear  tests  of  the  late  1950s 
and  early  1960s  should  have  caused  a stratospheric 
ozone  depletion  of  more  than  10%  if  then  current 
models  of  the  effect  of  NO,  on  stratospheric  ozone 
were  correct.  Flow  ever.  their  analysis  failed  to  con- 
sider the  difference  in  effect  to  be  expected  from  a 
pulse  injection  of  NO,  in  contrast  to  the  effect  of  a 

•See  l han(!  ct  al.  (I*777l 


continuous  NO, source.  In  1973  Chang  and  Duewer 
calculated  the  effect  on  ozone  of  the  nuclear  tests 
(using  a production  of  NO,/megaton  yield  about 
half  that  used  by  Foley  and  Ruderman).  and  ob- 
tained a calculated  northern-hemisphere  ozone 
reduction  of  roughly  4%  for  1963.  It  was  concluded 
that  the  calculated  reduction  was  not  inconsistent 
with  the  observed  variability  of  atmospheric  ozone 
as  analyzed  by  Johnston  et  al.  (1973). 

In  the  intervening  years,  significant  changes  have 
occurred  in  the  formulation  of  the  model  and  in  the 
experimental  values  of  rate  constants  used  as  model 
input.  Also,  substantially  more  analysis  of  the 
ozone  record  has  been  carried  out.  We  will  discuss 
the  effect  several  of  these  advances  have  had  on  the 
computed  effect  of  the  atmospheric  nuclear  test 
series  on  stratospheric  ozone  and  some  implications 
for  models  of  the  stratosphere. 

Several  workers  have  investigated  the  problem  of 
NO,  production  from  a nuclear  fireball  (see 
Table  9).  The  most  recent  and  comprehensive  in- 
vestigations are  those  of  Gilmore  ( 1975)  and  COM- 
HSA  (1975).  As  can  be  seen  in  Table  9.  these  two 
studies  are  in  good  agreement  as  to  their  estimates 
for  the  total  NO,  produced  by  a nuclear  explosion. 
However,  the  COMESA  study  included  an  estimate 
of  loss  of  NO,  from  the  rising  debris  cloud  (i.e.. 
20%).  In  this  work  we  accept  the  COMESA  estimate 
of  the  total  NO,  injection  per  megaton,  but  we  note 
that  this  value  should  be  considered  uncertain  by 
roughly  ±50%. 

A related  question  concerns  the  yields  of  the 
various  nuclear  weapons.  Table  10  gives  several 
published  estimates  of  the  total  yield  for  the  period 
of  active  testing.  In  this  work  we  have  followed  the 
procedure  of  taking  unclassified  qualitative  yield 
descriptions  and  assigning  them  quantitative  values 
consistent  with  other  available  data.  Our  integrated 
yield  estimate  for  the  period  1961-62  is  consistent 
with  the  estimates  given  by  COMESA  (1975)  and 
Foley  and  Ruderman  (1973).  but  roughly  10% 
larger  than  those  cited  by  Johnston  et  al.  ( 1976)  and 
Seitz  el  al.  (1968). 

A few  nuclear  devices  were  exploded  in  or  above 
the  stratosphere,  generating  clouds  that  stabilized  in 
or  above  the  mesosphere.  These  tests  may  have 
created  more  NO, /megaton  than  low -altitude  tests, 
because  a low-density  fireball  can  be  expected  to 
depart  from  equilibrium  composition  at  a higher 
temperature  than  a higher  density  fireball.  Thus,  it 
might  be  argued  (Hampson  1977)  that  these  devices 
could  have  produced  a very  high  yield  of  NO  al 
altitudes  of  70-200  km.  However,  in  that  altitude 
range  NO,  has  a lifetime  on  the  order  of  a day 
(Gerard  and  Barth  1977),  and  it  is  unlikely  that  any 


significant  fraction  of  NO,  produced  at  high 
altitudes  reached  the  stratosphere.  Further,  while 
energetic  particles  escaping  from  a high-altitude 
fireball  might  produce  NO,  in  the  stratosphere,  it  is 
unlikely  that  this  process  had  a significant  effect  on 
the  yields  of  NO,  summed  over  all  tests. 

The  model  perturbations  are  small  enough  that 
model  response  to  variation  of  the  total  NO,  injec- 
tion is  approximately  linear  for  most  chemistries. 


Table  v Estimates  of  NO  produced  per  megaton  (Ml) 
of  nuclear-explosive  yield. 


Source 

Estimated  NO  production 
( I032  molecules  Mt) 

Zeldovich  and  Razier  (1967) 

0.5 

Eoley  and  Ruderman  (1972) 

I 

rn 

6 

Johnston  ct  al.  (1973) 

0.17-1.0 

Chang  and  Duewcr  (1973) 

0.5 

tioldsmith  et  al.  (1973) 

1.0 

Gilmore  (1975) 

0.4-1. 5 (0.9) 

COMI  SA  (Goldsmith 
el  al.)  (1975) 

0.6- l.l  (0.84) 

COMESA  (after  allowance 
for  disentrainment)  (1975) 

0.5 -0.9  (0.67) 

This  work  uses 

0.67 

Thus  if  a readjustment  of  the  NO,  yield  should  be 
dictated  by  future  work,  our  computed  o/one  per- 
turbations would,  to  a fair  approximation,  scale 
linearly. 

A more  difficult  point  concerns  the  altitude  of  in- 
jection. Foley  and  Ruderntan  (19721  gave  a 
parameterization  for  the  top  and  bottom  of  the 
stabilized  cloud  versus  device  yield: 

CT  = 21.64Y(0  ’>  . 

CB  = 13.4IY,(U)  . 
where 

CT  = cloud  top  (km)  . 

CB  = cloud  bottom  (km)  , 

Y = yield  (megatons  TNT  equivalent)  . 

This  parameterization  was  largely  based  on  direct 
observations  of  United  States  tests  (Peterson  1970): 
it  was  only  inferred  to  be  valid  for  the  Soviet  tests. 

Seitz  et  al.  (1968)  estimated  cloud  tops  and  bases 
from  measurements  of  the  radioactive  debris  a few 
days  after  the  1961-1962  tests.  Very  few  of  the 


lublc  10.  Estimates  of  approximate  total  yields  (in  megatons  (MO)  of  high-yield"  atmospheric  nuclear  tests  by  year. 


Eoley  and 

Johnston 

Seitz 

COMESA 

Ruderman 

et  al. 

et  al. 

This 

(1975) 

(1973) 

(1976) 

(1968) 

work 

Pre-1956 

61.6 

62 

_ 

_ 

_ 

1956 

26.0 

26 

- 

- 

20 

1957 

13.5 

}“ 

- 

- 

16 

1958 

61.9 

- 

- 

58 

1959 

0 

0 

- 

- 

0 

I960 

0 

0 

- 

- 

0 

1961 

120.6 

^ 340 

99.7 

97 

119 

1962 

213.5 

204 

206 

216 

1963 

- 

- 

- 

- 

- 

1964 

- 

- 

- 

- 

1965 

- 

- 

- 

- 

- 

1966 

1.4 

- 

- 

- 

- 

1967 

3.5 

- 

- 

- 

• 

1968 

7.6 

- 

- 

- 

- 

1969 

3.0 

- 

- 

- 

- 

1970 

6.1 

- 

- 

- 

- 

Total  1961-62 

334 

340 

304 

303 

3J5 

Total  1956-62 

435 

451 

- 

429 

1 r«t*  having  a yield  of  I Ml  or  greater  (I  Ml  ~ 4.2  X 10**  joules) 
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debris  measurements  extended  above  '4  km.  and 
the  cloud  trips  of  most  of  the  higher  yield  tests  were 
not  dircctlx  measured  When  samples  were  taken 
near  40  km  shortly  alter  a high  yield  test,  the  cloud 
top  was  estimated  to  be  above  40km.  however, 
when  no  data  above  24  km  were  available,  a cloud 
top  near  24  km  was  assumed  (Sen/  cl  al  1468). 
I rom  an  analysis  of  the  ratio  of  l4(.  to  4<lSr, 
I elegadas  and  I tst  (1464)  concluded  that  the  very 
large  Soviet  test  of  October  1 1>6I  probably  stabilized 
almost  entirely  above  the  region  examined  by  Scit/ 
et  al. 

file  parameterization  of  I oley  and  Ruderman 
1 1471).  w Inch  we  used  in  earlier  reports  (C  hang  and 
Ouewer  1474,  MacC'racken  and  C hang  1475),  may 
overestimate  the  height  of  stabilization  since  it  is 
based  almost  exclusively  on  data  from  the  tropics. 
However,  the  stabilization  heights  quoted  by  Seitz 
et  al.  may  generally  underestimate  the  stabilization 
altitude  of  the  debris  from  Soviet  tests  figure  47 
presents  the  stabilization  estimates  from  the  two  dif- 
ferent methodologies. 

When  we  used  the  I oley  and  Ruderman  (1474) 
parameterization,  we  assumed  the  injection  to  result 
in  a uniform  increase  in  concentration  between 


cloud  top  and  cloud  bottom  When  we  used  Seitz  et 
al  s (I4<i8)  injection  altitudes  we  assumed  that  it 
was  appropriate  to  adjust  the  injection  to  a constant 
height  above  the  tropopause  corrected  to  mid 
latitude  conditions  ( lohnsion  et  al.  147M  I hus.  we 
increased  C'T  and  C'B  by  4 km  for  polar  tests  and 
reduced  them  by  2 km  for  tropical  tests  W c believe 
that  these  procedures  provide  approximate  upper 
and  lower  bounds  for  the  stabilization  altitudes  ol 
the  test  debris  As  we  will  show  (fig  48  and 
I able  II).  the  computed  ozone  reductions  m the 
peak  year  (1464)  are  larger  by  about  1-2'  (of  total 
Op  when  we  use  the  l-'oley  and  Ruderman  (14741 
expression  than  when  we  use  the  Seitz  et  al.  tl4ti8t 
stabilization  altitudes 

In  all  calculations  the  injection  was  assumed  to  be 
mixed  throughout  the  northern  hemisphere,  and  no 
further  dilution  was  considered.  Mixing  into  the 
southern  hemisphere  might  have  reduced  the  N()v 
perturbation  by  15-25%  in  1464-64  (Johnston  et  al 
1476). 

Johnston  el  al.  (1474)  analyzed  the  global  ozone 
record  for  1460-1470  and  found  a statistically  in- 
significant decrease  of  2.2%  for  1460-1462  followed 
hv  a statistically  significant  increase  of  5.7%  for 


Yield  megatons 


I ifurt  ( loud  lop  and  Hum-  dominos  o >ieM  I He  mno  defining  the  shaded  lira  |hr  (Hr  top  a Ml  base  *%  muting  to  the 

parameterization  of  foie*  ami  H infer  man  t f*Tti.  I He  irrtk'il  bars  esiend  from  ikwrf  Haw  to  top  for  ike  data  mid  Ha  Seitz  et  al  t l**Mt  > aftei 
adjustment  to  Height  aHn«e  a tanuhle  trnpopaiise  as  discussed  in  (He  text  I He  number  of  test*  for  a partivulat  ateld  al  High  latitudes  1 1* i and 
Ion  latitudes  ( I i is  also  gttrn  for  the  data  of  Seitz  el  al 
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/ ijgurr  IS  ( alculated  change  in  O , \«r.  showing  the  effect  of  the  treatment  of  cloud  stabilization  height . All  calculations  used  the  ( hunt; 

i |d76i  h t profile  und  diurnul  averaging. 


1'iiblc  1 1 Effects  on  ozone  calculated  for  various  model  inputs. 


Stabilization 

parameten/ation 

Calculated 

change  in  ozone.  Jrt),  C*l 

Chemistry 

K 

/ 

Other  variations 

UOi) 

•'max 

>AO'  iin.i 

A°'  111.4 

1973 

(hang  (1174) 

loley  and  Ruderman 

0.5  \ 10*' 1 molecules  NO  Ml, 
Bates  and  llays  (1967)  values 
for  NjO,  multiple  scattering 
not  included 

-5.0 

-4.0 

-3.3 

117.1 

(hang  (1174) 

Foley  and  Rudcrntan 

0.5  x 10*' 1 NO  megaton 

-4.8 

-3.8 

-3.1 

1173 

llontcn  (19751 

Foley  and  Ruderman 

0.5  x 10*' 1 NO  megaton 

-5.3 

-4.5 

-3.9 

1974 

Chang  (1974) 

loley  and  Rudcrntan 

-8.3 

-7.1 

-6.2 

1174 

Chang  (1976) 

Holey  and  Hudrrman 

- 

1176 

(hang  (1176) 

Foley  and  Rudcrntan 

Diurnal  averaging 

-4>.8 

-4.5 

-2.7 

1176 

(hang  (1176) 

Seitz  et  al. 

Diurnal  averaging 

-5.1 

-4.3 

-2.6 

1176 

Chang  (1976) 

l-'oley  and  Kudemian 

No  diurnal  averaging 

-6.1 

-4.2 

-2.6 

1176 

lluntcn  (1975) 

Foley  and  Ruderman 

No  diurnal  averaging 

-5.0 

-3.1 

-2.8 

1176 

Change  (1976) 

Seitz  et  al. 

No  diurnal  averaging 

-4.3 

-3.8 

-2.5 

1177 

(hang  11176) 

Holey  and  Kudemian 

Diurnal  averaging 

-4.2 

-3.0 

-1.4 

1177 

(hang  (1176) 

Seitz  et  al. 

Diurnal  averaging 

-1.1 

-1.5 

-0.8 

1177 

Munfrn  (1975) 

Seitz  et  al 

Diurnal  averaging 

-1.8 

-1.4 

-0.7 
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1%.* -1470.  they  stewed  (his  increase  as  consistent 
with  recovers  from  an  o/one  depletion  id'  "a  less 
percent''  induced  by  the  nuclear  tests  The  same 
data  have  been  analyzed  b>  several  other  authors 
(komhxr  ct  al  I47|  \ngell  and  korshover  1473. 
147b.  Goldsmith  et  al  14’J.  COMP  SA  1475.  I on- 
don  and  kelley  I ‘>’74t  Most  of  these  more  recent 
analyses  agree  in  finding  the  observations  less  con- 
sistent with  a nuclear  test  series  effect,  \ngell  and 
Ivors  Inner  ( l‘)7<>)  note  that  apparent  o/one  minima 
occurred  in  I4b()  and  I4b2.  whereas  the  major 
nuclear  tests  occurred  in  the  autumns  of  |4bl  and 
|4b2  so  that  aus  predicted  depletions  would  be  ex- 
pected m 14b2  and  I4b3  When  the  effects  of  the 
quasi-biennial  o/one  variations  were  allowed  for. 
Angcll  and  korshover  (147b)  concluded  that  any 
o/one  reductions  caused  by  the  nuclear  test  series 
must  have  been  less  than  I this  is  consistent 
with  l OMI  S\  (1475).  which  concluded  that  ans 
nuclear  test  series  effects  were  not  detectable  in  the 
o/one  record  In  our  discussion  we  will  accept 
Angell  and  korshoser's  analysis  with  the  reserva- 
tion that  if  an  effect  is  calculated  to  have  a suffi- 
cient!) long  time  constant,  the  gradual  increase  in 
o/one  found  during  the  middle  and  late  |4b()s 
(Johnston  el  al  1473.  Angcll  and  korshover  1 *>73. 
147b)  might  be  consistent  with  a slightls  larger  per- 
turbation 

The  model  chemistry  used  in  our  1473  calculation 
contained  JJ  reactions  of  ll(\.  N()x.  and  Ox,  with 
rate  constants  based  primarily  on  Garvin  and 
Gcvantman  (1472)  These  are  given  in  Table  A- 1 of 
Appendix  A as  1473  chemistry 

When  the  C'l  Al’  calculations  were  carried  out 
(1474)  we  incorporated  the  41  reactions  listed  as 
1474  chemistrs  in  Table  A I Most  rate  constants 
were  taken  from  Garvin  and  Hampson  (1474V 

Our  |47b  chemistrs  (Table  A- 1)  incorporated 
CIOx  reactions  and  was  nearly  the  same  as  that  used 
in  the  National  Academy  of  Sciences  Cl  M report 
(National  Research  C ouncil  |47bV  Most  of  the  rate 
constants  were  derived  from  Hampson  and  Garvin 
(1475).  but  several  had  been  revised  to  reflect  1475 
or  I47tv  measurements  (National  Research  Council 
1 47b.  ITcMore  et  al  1477)  Our  1477  chemistry 
(Table  A- 1 of  Appendix  A)  contains  the  same  reac- 
tions as  our  147b  chemistry,  but  several  rate  con- 
stants have  been  adjusted  to  reflect  recent  evalua- 
tions (DcMorc  ct  al  1477,  Watson  1477)  and 
measurements  (Howard  and  Fvenson  1477. 
Burrows  ct  al  1477,  c hang  and  kaufmun  147b).  As 
we  wall  show,  the  predicted  effect  of  the  nuclear  test 
series  is  quite  sensitive  to  model  chemistry  For  this 
study  the  model  contained  about  I J ppb  of  CIOx 
from  (11,(1  and  ( '(  l4.  but  chlorofiuoromcthunes 
were  neglected 


The  1473  model  (Chang  and  Ducwcr  1473)  did 
not  include  rainout  processes.  All  subsequent 
models  included  rainout  losses  below  X km  using 
rates  of  2.31  X ID  h s 1 for  UNO,.  MCI.  and  CIO 
(for  models  including  chlorine  chemistry)  and  I lb 
X 10  *•  for  NOv  The  major  effect  of  rainout  is  to 
uncouple  surface  boundary  conditions  lor  NOx  and 
( IX  from  stratospheric  and  upper  tropospheric 
concentrations.  Calculated  stratospheric  perturba- 
tions arc  not  strongly  sensitise  to  the  precise  rainout 
rates  chosen. 

The  model  uses  fixed  concentration  boundary 
conditions  at  the  surface  (Chang  et  al  1474)  For 
versions  incorporating  rainout.  the  model 
stratosphere  has  significant  sensitivity  to  the  boun- 
dary conditions  for  only  N>0.  CII4,  CII, (I.  and 
CCI4.  The  1473  model  was  also  influenced  by  the 
surface  boundary  conditions  lor  NO,  NO-,  and 
UNO,,  which  produced  a nearly  uniform  3.7  ppb 
N()x  mixing  ratio  in  the  troposphere  In  models 
treating  rainout  processes,  the  NOx  mixing  ratio  in 
the  upper  troposphere  is  dependent  on  k,  but  is 
smaller  than  0.1  ppb. 

In  our  1473  calculation,  we  neglected  multiple 
scattering  effects  and  diurnal  variation  of  species 
concentrations,  and  we  used  then  current  values  for 
the  N-O  pholodissociation  cross  sections  ( Bates  and 
Hays  I4b7).  I11  all  of  the  current  calculations  we 
used  Johnston  and  Sclwyn  (1475)  photodissociation 
cross  sections  for  N-O.  The  1474  and  147b  models 
approximated  diurnal  variations  in  solar  flux  by  us- 
ing one-half  the  noontime  pholodissociation  rates. 
The  chlorine  nitrate  formation  rate  was  adjusted  to 
be  consistent  with  a lulls  diurnal  calculation  for  the 
1 47b  model  The  1477  model  averages  reaction  rates 
at  each  level  over  a diurnal  cycle  (Chang  et  al  1477), 
I united  calculations  were  made  using  the  147b 
chemistry  and  diurnal  averaging.  The  147b  and  1477 
models  included  multiple  scattering  effects  (I  uthcr 
et  al  1477b). 

The  response  of  the  model  is  little  affected  by  the 
change  in  N>0  absorption  cross  sections  or  multiple 
scattering  (together  they  resulted  in  a 0.2‘S'  change 
m total  o/one  for  a calculated  maximum  depletion 
of  roughly  5%  using  the  1473  chemistry  ).  The  incor- 
poration of  diurnal  averaging  of  reaction  rates  in- 
creased the  o/one  depletion  for  1477  chemistry  by 
about  0 5 to  IT  of  total  ozone  when  the  Seit/  injec- 
tion scheme  was  used  (sec  Table  10) 

W e considered  the  effects  of  different  K,  choices 
by  performing  calculations  using  the  Chang  ( 1474). 
Chang  ( 1 47b).  and  Hunten  (147.5)  K,  profiles.  The 
Chang  ( 1474)  k,  profile  was  used  in  the  earlier  work 
by  Chang  and  Duewcr  (1473)  Only  the  recovery 
time  had  a strong  sensitivity  to  k,  (sec  I ig  '4  and 
Table  10). 
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/ 1 xu re  jv  Calculated  change  in  O*  \s  >ear  for  two  h/  profiles.  I pper  curves  use  the  W77  chemistry  and  diurnal  averaging.  Lower  curves 

use  the  |97h  chemistry  without  diurnal  averaging. 


Calculations  were  carried  out  using  the  Foley  and 
Ruderman  stabilization  parameterization  for  1973, 
1974.  1976,  and  1977  chemistries.  The  Chang  (1976) 
K,  was  used  with  the  1974.  1976.  and  1977 

chemistries,  the  Chang  ( 1974)  K,  was  used  with  the 
1973  and  1974  chemistries,  and  the  Hunten  (1975) 
K,  was  used  with  the  1973.  1976,  and  1977 

chemistries.  The  Seitz  et  al.  (1968)  stabilization  es- 
timates were  considered  using  1976  and  1977 

chemistries  with  the  Chang  (1976)  K/  and  1977 
chemistry  with  the  Hunten  (1975)  K,. 

In  the  calculation  of  the  nuclear  test  series  effects, 
the  total  NOx  injection  is  determined  by  the  device 
yield  and  is  independent  of  K,.  Further,  most  of  the 
injection  occurred  over  a fairly  short  time: 
therefore,  unlike  SST  calculations,  ANOx  is  nearly 
independent  of  K.,.  As  Fig.  39  and  Table  11  show, 
for  the  cases  considered,  the  ozone  depletions  in 
1963-64  were  weakly  dependent  on  K,.  For  pre- 
1977  model  chemistries,  there  is  a substantial  dif- 
ference in  recovery  time,  based  on  the  effective 
removal  rate  of  excess  stratospheric  NOv  For  the 
1977  model  chemistry  the  apparent  recovery  time  is 
initially  determined  by  the  rate  of  vertical 
redistribution  of  the  injection,  although  at  later 
times  recovery  is  controlled  by  the  rule  of  removal 
of  excess  NOx  from  the  stratosphere.  In  no  case 


would  the  choice  of  K.,  alone  cause  the  calculation 
to  conflict  with  observation. 

As  shown  in  Fig.  38  and  Table  1 1.  the  procedure 
used  to  estimate  the  stabilization  altitude  has  a 
significant  effect  on  the  calculation.  However,  for 
the  model  chemistries  studied,  the  differences  in  the 
effects  computed  using  these  two  stabilization  es- 
timates were  less  dramatic  than  the  differences  be- 
tween model  computations  using  different 
chemistries  (Fig.  40). 

The  estimated  stabilization  heights  for  the  polar 
tests  remain  a significant  source  of  uncertainty  in 
the  calculations.  For  reasons  discussed  above,  we 
find  the  published  information  ambiguous  and 
somewhat  unsatisfactory.  The  two  methods  of  es- 
timation used  provide  a probable  upper  and  lower 
bound  to  the  true  stabilization  heights,  but  the 
Foley  and  Ruderntan  parameterization  should  be 
the  more  nearly  accurate  of  the  two.  Chang  (1975) 
and  Mahlman  (1977)  have  discussed  the  informa- 
tion available  from  tracer  calculations  based  on  IJ( 
and  ^’Sr.  At  present,  we  will  note  that  these  results 
further  strengthen  the  need  to  accept  the  uncer- 
tainty in  cloud  stabilization  heights  as  inherent  un- 
certainties in  such  analyses. 

The  model  representation  of  atmospheric 
chemistry  has  evolved  substantially  since  early  1973. 
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/ Igur,  -in  « alcuUird  changr  in  O , »s  \nr  for  ihrrt-  diffiri-nl  chrmiMrirv  All  calculations  used  the  Kolc>  and  Kudrrman  t 1171 1 stabiliza- 
tion parameterization. 


and  the  effect  of  the  most  recent  changes  has  been 
dramatic.  With  our  1977  chemistry.  when  the  Scit/ 
et  al.  (1968)  stabilization  height  estimates  are  used, 
we  compute  ozone  increases  from  the  1950s  tests 
and  less  than  2'r  ozone  reductions  at  all  times. 
When  the  Foley  and  Ruderman  (1975)  stabilization 
height  estimates  are  used,  we  compute  ozone 
decreases  for  all  years  during  the  period  of  active  at- 
mospheric testing,  and  the  reductions  calculated  for 
1965  (5*7  annual  average  ozone  reduction  in  the 
northern  hemisphere)  are  still  larger  than  is  easily 
consistent  with  observation.  However,  the  source 
term  consists  of  pulse  injections  primarily  al  high 
latitudes,  most  of  them  in  a period  of  about 
4 months  in  late  1962.  Thus,  at  least  for  the  several 
months  before  horizontal  mixing  in  the  northern 
hemisphere  should  have  been  complete,  the  one- 
dimensional  approximation  is  expected  to  be  poor 
and  to  overestimate  the  ozone  depletions  (Bauer 
and  (iilmore  1975).  Therefore,  it  would  appear  that 
our  current  results  may  be  comparable  to  the  upper 
limn  permitted  by  the  observations.  A two- 
dimensional  model  calculation  of  the  weapons  tests 
would  be  useful  in  this  regard. 


It  should  be  noted  that  the  problems  related  to 
high-latitude  injection  of  NOx  are  also  present  in 
calculations  of  the  effects  of  SST  (light  since  more 
than  half  of  projected  SST  emissions  occur  north  of 
50°  (Oliver  et  al.  1977).  Thus,  many  of  the  potential 
sources  of  error  introduced  by  the  use  of  one- 
dimensional models  in  the  calculation  of  the  test 
series  effects  also  exist  for  calculations  of  SSI's. 
Two-  or  three-dimensional  calculations  of  both  ef- 
fects are  to  be  desired,  but  present  multidimensional 
models  are  relatively  expensive  to  run.  and  the  rapid 
evolution  of  model  chemistry  may  act  to  discourage 
extensive  calculations  since  further  substantial 
evolution  of  model  chemistry  seems  very  likely . The 
major  changes  in  model  chemistry— the  changes 
that  most  strongly  affect  model  sensitivities— have 
been  in  the  treatment  of  reactions  that  affect  HOx 
species  or  link  NOx  to  minor  species  other  than  odd 
oxygen,  rather  than  in  the  major  catalytic  odd- 
oxygen  destruction  cycles  involving  NOv  (see  also 
Ouewer  et  al.  1977b).  Because  this  secondary 
chemistry  has  such  a strong  effect  on  one- 
dimensional model  sensitivity  to  NOx  injection,  one 
must  closely  examine  the  representation  of  the 
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chemistry  used  in  multidimensional  models  when 
interpreting  their  results 

t he  calculations  reported  here  reflect  current  best 
estimates  of  mans  input  parameters,  some  of  which 
(especially  reaction  rate  constants  involving  HO>) 
arc  udmittedi)  rather  uncertain  (DeMorc  I *J77. 
riucwer  ei  al  1 *J7Tbv  When  new  measurements 
become  available,  it  is  likely  that  some  model  inputs 
and  model  predictions  will  change.  Nevertheless, 
our  current  model  computes  o/onc  reductions  that 
are  not  incompatible  with  observations. 

If  one  accepts  the  analysis  of  \ngell  and 
korshover  (l*l7(v),  then  any  model  that  predicts  a 
response  to  the  nuclear  weapons  tests  of  the  l*150s 
and  l*lM)s  significantly  larger  than  2‘v  (northern 
hemisphere  annual  average!  must  he  considered  to 
be  in  error,  and  it  would  be  necessary  to  understand 
this  apparent  conflict  with  observation  before  ac- 
cepting other  predictions  of  the  model. 

2.8  K. fleet  of  Agriculture 
on  Stratospheric  Ozone  * 

In  a recent  comprehensive  review  of  the  possible 
effect  of  man-made  fertilizer  on  stratospheric 
o/one.  Johnston  (1*177)  deduced  the  following  sim- 
ple steady -state  model  for  the  percentage  decrease 
in  o/one.  -AO,  ('").  in  terms  of  the  increment  in 
nitrogen  fixation  due  to  man.  ANt  (Mi  of 
N yr)  + 

-At),  = od>r AN,  /N,Ot  (8-1) 

I he  remaining  variables  arc  defined  as  follows 
ii  the  fraction  of  denitrified  nitrogen  released 
to  the  atmosphere  as  NsO. 
ci  = the  fraction  of  ANt  that  will  be  denitrified 
within  a few  decades,  i c.  immediately  or 
after  one  or  more  passes  through  living 
organisms,  as  opposed  to  the  fraction  I - o’ 
which  will  be  transferred  to  long-lived 
(>|(HH)vr)  oceanic  or  lithospheric  reser- 
voirs of  fixed  nitrogen. 

■>  the  ratio  of  the  percentage  decrease  in  the 
Oi  column  to  the  percentage  increase  in 
stratospheric  Nt\ (NO  f NOO. 
r the  tropospheric  lifetime  of  N .O  in  years. 
N'O,  the  unperturbed  atmospheric  burden 
of  NvO  (Ml  of  NT 

•Sec  | ll\.ic«et  (lO’Tc) 

I Ml  lit"  tonnes  III  kg  in  this,  usage,  noi  to  be  confused 
wnh  ihe  megaton  ol  nuclear  explosive  vield.  which  is  the 
e.|imaleiu  ol  ihe  explosive  energy  of  a million  ions  ol  chemical 
high  explosive 


The  possible  ranges  of  values  given  for  these 
parameters  by  Johnston  ( 1*177)  are  listed  in 
Table  12  Assuming  J *=  I and  AN)  * 1 00  Mt  yr. 
Johnston  (1*177)  deduced  values  of  0 2‘7  to  StVT  for 
AO,.  suggesting  the  problem  was  "hopelessly 
amorphous.”  Tstablishing  limits  bv  personal  judg- 
ment. he  concluded  that  AO,  due  to  a continuing 
AN|  of  1(H)  Mt  yr  lav  between  I and  10*7.  and  that 
if  the  larger  figure  occurred  it  would  take  hundreds 
of  vears  to  build  up  to  such  a steadv -state  o/one 
reduction  since  this  required  a long  i'100-yr) 
tropospheric  lifetime  for  N.O 

Table  IT  summarizes  the  decreases  in  o/one  com- 
puted bv  stratospheric  modelers  and  the 
corresponding  values  used  for  the  parameters  m I q 
(8-1) 

Ml  of  these  estimates,  whether  explicitly  stated  or 
not.  were  based  on  the  following  additional  assump- 
tions 

1 I he  rate  of  nitrogen  fixation  and  denitrifica- 
tion and  the  NsO  budget  of  the  atmosphere  were 
and  would  remain  in  a fixed  steadv  state  in  the  ab- 
sence of  man's  agricultural  activities. 

2 Man-made  changes  in  the  nitrogen  cycle  are 
limited  to  increases  in  the  nitrogen  fixation  rate  (i.e  . 
to  making  AN(  > 0). 

J Increases  in  (AN|  > 0)  will  have  no  effect 
on  the  remaining  parameters  o,  d.  y.  and  r 

The  available  observational  data  tend  to  support 
the  conclusion  of  l'rut/cn  and  I hhalt  (l*)7't  “for 
millions  of  years  the  rate  of  denitrification  must, 
therefore,  on  the  average,  have  equalled  the  rate  of 
nitrogen  fixation  on  earth  ' Hut  this  leaves  uncon- 
sidered man-made  effects  on  the  biosphere  other 
than  increased  nitrogen  fixation  plus  secondary 
changes  in  o.  d,  •>.  and  or  r which  may  result  from 
any  disturbance  of  the  equilibrium  or  steady -slate 
natural  nitrogen  cycle 


l\ibl<  I'  Possible  ranges  of  parameter  values  as  given  by 
Johnston  (l*)77). 


Parameter 

Possible  range  of  v alues 

rt 

0.025  0.1  (land) 

0 - 1 (ocean) 

0.025  0.4  (global) 

0.01  0.75.  probable  average  0.1  0.15 

1 5 (modification  to  1 .1  or  1 S con- 
sidered possible) 

r 

5 160  yr 

N.O 

2 a 

I J00  Mt  N 

an, 

160  650  Mt  N yr 
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l\ibli  IJ  Summary  of  computed  decreases  in  due  to  use  of  nitrogen  fertilizer  and  values  of  relevant  parameters  used. 
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Paramelei 
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-AO,  c*> 
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a 

a 
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AN,  (Ml) 

19 

Vupputuii  (1974) 

(l)oubled  N 

..... 

20  (bv 

20251 

Met' troy  (1974.  1975. 

0.08 

1 

20 

200 

1976) 

20  (by 

2025) 

Mcl-troy  e(  at.  (1976) 

0.25 

1 

20 

200 

« (by 

2100)  'l 

t'rul/en  (1975) 

0.04 

1 

100-160 

200 

14  steady  state  | 

■•n 

0.07 

1 

to 

200 

4.5 

Y (by  2025) 

Crutaen  (1976) 

0.2 

1 

to 

2(H) 

9.5 

0.5 

1 

to 

2(H) 

6.7  J 

0.2 

1 

20 

2(H) 

1 (by 
4 (by 

202S)\ 

2050) J 

l iu  el  at.  (1976) 

1 

t 

20 

40  in  1*474. 

♦ 6'«  yr 

1.6  A 

0.26 

0.1 

20 

2(H) 

5 

y (by  2025) 

Sit  and  Rice  (1976) 

0.26 

0.25 

(0.55  after 

2000) 

20 

2(H) 

9 J 

0.26 

0.6 

20 

2(H) 

6 

NRl'  (1976) 

(Doubled  N 

2°a>- 

.... 

..... 

1-15 

(200  yr 

Iruuen  and  KJihall 

0.05  0.2 

0.55 

10  160 

40  2(H) 

for 

(1977) 

maximum) 

'1 


Johnston  fl977)  reported  that  the  environmental 
conditions  I'avorinu  denitrification  were: 

I.  Saturation  of  soils  with  water. 

2 \bscnce  of  oxygen. 

.V  Availability  of  organic  matter  for  microbial 
consumption. 

\\  hilc  not  clarified  by  Johnston  fl977),  it  appears 
likely  that  these  factors  favoring  denitrification  will 
lead  to  a larger  d since  a larger  portion  of  \(  will 
presumably  be  denitrified  before  it  has  a chance  to 
move  into  a long-lived  reservoir,  and  vice  versa.  The 
environmental  condition*  favoring  a large  o were 
given  by  Johnston  (I1*7'!  as 

1 I ow  temperature 

2 I ow  pH. 

J Marginal  anaerobic  conditions 
All  three  of  these  conditions  were  also  cited  as 
leading  "to  a low  rate  of  denitrification  " W hile  also 
not  addressed  by  Johnston  f|977),  it  nevertheless 
appears  likely  that  the  latter  effect  may  pre- 
dominate. leading  to  a lower  rate  of  N.O  produc- 
tion I hat  is.  if  the  fraction  I d of  N(  mov  ing  into 
long-lived  oceanic  and  lithospheric  reservoirs  de- 


pends on  the  length  of  time  N,  remains  in  the  soil, 
then  these  factors  favoring  a large  <«  bv  slowing 
denitrification  might  also  lead  to  a smaller  d and  to 
no  change  or  even  a decrease  in  the  product.  <«d.  or 
fraction  of  AN|  for  N|  + ANt ) converted  to  N-O 
within  the  "short”  recycle  time  of  a few  decades 
According  to  MeF.lroy  f!976).  "denitrification  can 
lake  place  to  a significant  extent  only  in  media  with 
pH  larger  than  about  5.5." 

While  little  quantitative  information  is  available, 
it  is  well  known  that  man.  since  taking  up 
agriculture,  has  induced  large-scale  changes  on  the 
biosphere  other  than  those  resulting  from  the  ap 
plication  of  fertilizer.  These  include 

1 Increasing  soil  oxygen  by  fa)  loosening  and 
turning  the  soil  to  produce  increased  aeration,  fbi 
treatments  to  improve  porosity  and  drainage,  fcl 
reducing  competitive  oxygen  demand  from  root 
growth  through  spacing  of  monocuHurcd  plants, 
elimination  of  competing  plants  or  weeds,  and 
fallowing 

2 Reducing  oxygen-excluding  soil  moisture  bv 
fa)  increasing  runoff  through  removal  of  plant 
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cover,  (b)  reducing  water-retaining  topsoil  and 
humus  through  erosion  and  oxidation  and  non- 
return of  plant  debris,  (cl  measures  to  improve  per- 
colation and  or  drainage  w herevcr  water  stagnation 
restricts  plant  growth 

3 Reducing  the  volume  of  organic  material  or 
culture  medium  for  soil  bacteria  as  indicated  in  2(b) 
above 

4 Increasing  soil  pH  by  (at  loss  of  humus  which 
is  rich  in  organic  acids,  (b)  accumulation  of  alkali 
metals  through  salination  in  most  areas  placed  un- 
der irrigation,  tc)  deliberate  use  of  lime,  etc 

5 Decreasing  the  natural  equilibrium  level  of  N( 
in  the  biosphere  through  clearing  of  forests  and 
shrubs  and  actions  in  2(b)  above  I or  example. 
SoderlanU  and  Svensson  (|4’m  estimated  global 
soil  nitrogen  loses  due  to  agricultural  activities  at 
b,(XX)- 1 3.000  Mt  N (This  should  be  compared  with 
the  estimates  for  N| . or  total  global  annual  fixation 
rates,  of  160-650  Mt  N yr  (Johnston  1477)  and 
230-400  Mt  N yr  (C'rut/en  and  l hhalt  1477) ) 

Initial  appraisals  of  each  of  these  anthropogenic 
effects  suggest  that,  except  for  the  increase  in  pH. 
each  should  have  tended  to  decrease  the  rate  at 
which  NsO  is  produced.  Increased  oxygenation, 
decreased  organic  material,  and  reduced  water 
saturation  all  appear  to  operate  directl>  to  reduce 
the  rate  of  denitrification  and  thus  would  appear  to 
allow  the  fixed  nitrogen  more  time  to  find  its  wav 
into  the  long-lived  oceanic  and  lithospheric  reser- 
voirs. thereby  decreasing  d.  In  addition,  except  in- 
sofar as  the>  tend  to  increase  "marginal  anaerobic 
conditions."  each  of  these  would  have  tended  to 
reduce  <t  Reducing  the  biospheric  store  of  fixed 
nitrogen  would  not  disturb  any  of  the  quantities  in 
Johnston's  (1477)  simple  model  but  would  disturb 
the  assumed  steady  state  on  which  it  is  based  That 
is,  the  natural  rate  of  production  of  NsOcan  hardly 
remain  unchanged  if  the  accumulated  fixed  nitrogen 
in  the  biosphere  from  which  it  is  formed  is  suddenly 
reduced  If  the  fixed  nitrogen  lost  during  the  early 
years  of  cultivation  were  denitrified  with  no  change 
in  the  preexisting  steady-state  product,  nd,  then  it 
should  have  caused  a temporary  increase  in  the  rate 
of  N'O  production  before  the  decrease  set  in. 
However,  it  appears  more  likely  that  most  of  this 
fixed  nitrogen  entered  the  long-lived  oceanic  and 
lithospheric  reservoirs  and  '.hat  nearly  all  of  it 
(rather  than  the  normal  1 - d fraction  of  it)  will  un- 
dergo the  long-term  (>  KXXJyr)  cycle  of  denitrifica- 
tion as  opposed  to  the  short-term  (lew  decades)  cy- 
cle As  indicated  below,  the  effect  of  any  significant 
increase  in  PH  is  less  clear 

Another  point  which  appears  to  have  been 
overlooked  in  previous  analyses  of  this  problem  is 


the  manner  and  locale  in  which  man's  additions  ol 
fixed  nitrogen  to  the  biosphere  are  made  I ertili/er 
is  added  almost  exclusively  to  well-drained  and 
well-aerated  soils,  re.  to  those  which  do  not 
provide  the  anaerobic  conditions  required  for 
denitrification  until  the  nitrogen  has  moved  deep 
enough  to  be  below  the  humus  or  organic  material 
which  denitrifying  bacteria  require  as  a culture 
medium  further.  mass  applications  of  fixed 
nitrogen  tend  to  be  in  the  reduced  rather  than  the 
oxidized  state  While  reduced  nitrogen  will 
generally  be  readily  oxidi/ed  bv  nitrifying  bacteria 
in  the  soil,  the  fact  of  its  being  oxidi/ed  indicates 
soil  conditions  which  are  aerobic  rather  than 
anaerobic  and  thus  unfavorable  for  denitrification, 
at  least  at  that  specific  location  and  time  This 
suggests  that  most  of  man's  additions  of  fixed 
nitrogen  to  the  soil  will  be  taken  up  bv  plants  or 
move  into  the  long-lived  oceanic  and  lithospheric 
reservoirs  That  portion  taken  up  by  plants  may  be 
returned  to  the  soil,  burned,  or  wind  up  as  sewer 
sludge,  feedlot  manure,  and  or  landfill  Ml  of  these 
would  appear  to  lead  to  lower  than  the  natural 
values  of  the  product,  od.  Detailed  quantitative 
analyses  will  be  required  to  reach  a firm  conclusion 
as  lo  whether  the  fraction  converted  to  N'O  is 
greater  or  less  than  the  product  nJ  for  the  assumed 
preindustrial  steady  state  Initial  indications  are 
that  it  is  somewhat  less  and  that,  until  the  long-lived 
oceanic  and  lithospheric  reservoirs  are  brought  into 
a new  equilibrium,  man’s  effect  on  N 'O  production 
will  be  such  as  to  cause  a decrease 
Other  factors  have  been  raised  which  bear  on  this 
problem,  but  they  appear  to  be  minor  (as  yet)  com- 
pared with  those  considered  above.  Man  is  also  con- 
tributing to  nitrogen  fixation  through  combustion 
(20  Mt  N vr).  ammonia  production  (17  Mt  \ yr). 
and  direct  output  of  N'O  by  coal  combustion  (now 
estimated  at  2 2 Mt  N yr)  and  auto  exhaust,  these 
latter  two  may  become  important  in  the  future 
(C'rut/en  and  f hhalt  1477)  Md  lroy  (I4"b)  has 
suggested  that  man’s  injection  of  sulfur  and 
nitrogen  compounds  (air  pollution)  into  the  at- 
mosplicie  is  causing  a decrease  m the  pH  of 
precipitation,  which  in  turn  will  cause  a decrease  in 
the  environmental  pH  of  denitrifying  bacteria  and 
thus  an  increase  in  o and  Nq)  production  As  of 
now  this  can  be  considered  no  more  than  interesting 
speculation.  Decreases  in  the  pH  of  precipitation 
have  been  reported  in  only  restricted  areas  of  the 
globe,  and  past  data  for  establishing  trends  in  these 
areas  are  fragmentary  at  best  Soil  scientists  have 
measured  pH  profiles  in  the  solum s of  many  soils 
In  the  pod/ols  typical  of  timbered  regions  such  as 
New  Ingland  and  Scandinavia  where  increasing 
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acidilv  ot  priMpii.it  ion  has  been  da  lined,  measured 
pH  values  range  Irom  1 I to  > 5 i Hailes  19451  1 he 
low  pli's  the  date  of  observation  ( I92J  |9IS).  and 
the  fact  that  pll  not  uncommonlx  decreased  with 
depth  suggest  that  soil  aciditv  is  being  controlled  bv 
factors  other  than  the  pH  of  precipitation  I ven 
more  critical  is  the  tact  that  low  pll  reduces  the 
overall  rate  ol  denitrification  at  the  same  time  as  it 
increases  ,<  Note  that  all  ol  the  pH's  for  podzols 
reported  bv  Bailev  (1945)  were  at  and  below  the  5 5 
cutoll  at  which  denitrification  becomes  insignificant 
according  to  Mcl  Irov  ||97m  and  thus  prcsumablv 
unresponsive  tv'  further  decrease  hi  pH 

I his  ndmittcdlv  q u a 1 1 1 a 1 1 s e analvsts  suggests  that 
man's  modifications  of  spaceship  l arth  max  have 
alreadv  led  to  a decrease  itt  the  production  of  WO. 
and  that  this  decrease,  if  real,  i'  like!)  tv'  continue  at 
least  until  man's  contributions  of  fixed  nitrogen  to 
the  long  term  oceanic  and  lithospheric  reservoirs 
lead  to  a new  global  equilibrium  between  nitrogen 
fixation  and  denitrification  \t  present  we  have 
almost  no  information  on  winch  to  estimate  the  rate 
of  WO  production  that  will  occur  "hen  the  new 
equilibrium  is  established 

Our  current  understanding  of  the  chemistry  of  the 
t'i  lavei  suggests  that  am  decrease  in  WO  produc- 
tion should  be  followed  within  a few  sears  bv  an  in- 
crease m the  depth  of  the  Ot  laser  1 his  should 
result  from  a decline  in  WO,,  the  atmospheric  bur- 
den and  concentration  of  WO.  causing  a decrease 
in  the  rate  of  transport  of  WO  tv'  the  stratosphere 
where  a small  fraction  of  it  tl  v i is  oxidized  to 
NO,  a Calais  tic  destrover  of  O,  I lie  recent  faster 
rate  determined  bv  Howard  and  I venson  tl9")  for 
the  NO  + HO-  reaction  is  not  expected  to  change 
this  picture  qualitative!)  but  will,  prcsumablv, 
reduce  t of  I q (S  I) 

\v ailablc  data  on  the  trend  m tropospheric  con- 
centrations of  WO  are  verv  confusing  (1’ierotti  and 
Rasmussen  19’p,  Johnston  I*)"'1,  C'rut/cn  and 
I hhalt  I')'”)  and  are  of  little  help  in  resolving  this 
question  at  present  I bev  suggest  abrupt  increases 
in  WO  between  l'>n’  and  I 9ps  and  again  in  recent 
sears  However,  the  differences  m WO  concentra- 
tions indicated  bv  the  different  sets  of  measure- 
ments are  mainlv  such  as  to  cast  doubt  upon  the  ac- 
curacv  of  the  measurements  themselves  V vital 
ozone  measurements  are  a bit  more  encouraging. 
Thev  suggest,  if  anv thing,  an  increase  m total  ozone 
since  measurements  were  first  made  in  the  earls 
1 920s  and  particular!)  since  the  significant  increase 
in  the  number  of  observing  stations  which  began 
about  |9ss  (Christie  19’t,  | ondon  and  kellev  |9'4, 
\ngell  and  Rorshover  l*>’t,  IU’m 


2.*>  (ilobal  Tropospheric  OH 
Distributions 

I he  research  for  this  stud)  was  first  carried  out 
using  1 97(s  chemist rv  I here  have  subsequent Iv  been 
new  measurements  of  some  of  the  chemical  rates 
important  to  tropospheric  OH  tsec  Section  2 10  for 
further  details)  Since  we  expect  these  changes  to 
have  a potenuallv  significant  effect  on  the 
magnitude  and  latitudinal  variation  ot  the 
theoretical!)  derived  OH  concentrations,  we  are  in 
the  process  of  rcderivnig  the  global  OH  distribu- 
tion However,  we  do  not  expect  the  changes  to 
have  a large  enough  impact  on  the  results  tv'  in- 
validate the  qualitative  features  of  the  global  OH 
distributions  1 he  effect  of  changes  in  various 
parameters  on  model  sensitivitv  is  discussed  later  in 
this  section  under  the  heading  "New  10  Model 
Results  " lhe  methodolog)  of  the  derivation  as 
described  will  not  be  affected  bv  these  changes  m 
model  chemistry 

(llohal  OH  Distribution 

l he  importance  of  the  hvdroxvl  free  radical  in 
tropospheric  photochcmistrv  has  been  suggested  bv 
numerous  authors  tl  evv  1971,  (,'rutzen  19"4.  War- 
neck  I974.  197S,  Wofsv  |9tp.  and  Davis  and 
Rlauber  Id's)  Among  the  important  iiace  gases 
whose  chenusirv  is  now  believed  to  be  influenced  bv 
the  hvdroxvl  species  are  carbon  monoxide, 
methane,  sulfur  dioxide,  nitrogen  dioxide,  hxdrogen 
sulfide,  and  a wide  vanetx  of  higher-molecular 
weight  hxdrv'carbv'ns  On  the  global  scale,  assign 
mem  v'l  the  role  of  OH  in  defining  trace  gas 
chenusirv  is  predicated  on  knowing  the  variabiltiv 
of  the  OH  radical  as  a function  of  season,  altitude, 
latitude,  and  time  of  dav  1 he  variabilitv  in  the  con 
centr.mon  of  the  OH  radical  is  in  large  part  a result 
of  the  nature  of  the  formation  process,  i e . 

O,  + hr  » IX'IM  + O,  . 

IK'D)  ♦ M - Of'l’l  ♦ M . 

Ot 1 D)  + ||,0  - 2011 

Important  loss  processes  include  its  reaction  with 
both  I'O  and  t.'H4  I or  a complete  listing  of  the  kev 
reactions  used  in  the  lot  lowing  model  calculations 
see  the  19'b  chcmistrv  shown  in  lable  VI  ol  Ap- 
pendix \ 

Assuming  the  hvdroxvl  radical  has  a short 
tropospheric  chemical  lifetime,  we  expect  that  the 

•See  i h.ing.  WucbMcv.  and  iW”i 
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tropospheric  OH  concentration  is  highl>  variable 
and  is  almost  totally  controlled  b>  local  variables 
such  as  HsO.  0\.  t O.  CH4,  l)t  1 1>).  solar  radiation, 
temperature,  and  others  Consequently.  an  accurate 
determination  of  tropospheric  OH  concentrations 
will  require  the  detailed  modeling  of  both 
tropospheric  chemistry  and  dynamics.  An  alter- 
native to  this  would  be  the  utilization  of  many  of  the 
currently  available  measurements  which  are  deter- 
mined by  real  tropospheric  dynamic  transport.  In- 
sofar as  the  hydroxyl  radicals  are  always  in  kinetic 
equilibrium  with  the  governing  variables  listed 
above,  and  these  variables  are  in  turn  based  on  ob- 
servation. we  suggest  that  the  quasi-equilibrium 
hydroxyl  radical  concentrations  represent  a 
reasonable  approximation  to  physical  reality 

If  the  global  distribution  of  species  important  to 
OH  are  known,  then  a series  of  local  quasi- 
equilibrium  calculations  can  be  used  to  determine  a 
global  representation  of  the  OH  distribution.  The 
model  can  thus  account  for  the  effect  of  dy  namic 
transport  through  the  specific  concentrations  of  the 
important  species  at  all  latitudes.  Vertical  profiles  of 
temperature,  water  vapor,  carbon  monoxide,  o/one. 
and  methane  were  specified  in  the  model,  and  were 
varied  with  latitude  and  season  according  to 
available  measurements.  The  temperature  and 
water-vapor  data  arc  from  Louis  (1974)  and  Oort 
and  Rasmussen  (1971).  respectively  . The  global  CO 
distributions  are  those  of  Seiler  (1974).  The  ozone 
latitudinal  and  altitudinal  global  distributions  are 
from  Putsch  (1969),  and  the  surface  concentrations 
of  Oj  arc  assumed  fixed  at  the  values  of 
Pruchniewicz  (1973).  The  vertical  CH4  distribution 
is  that  reported  by  f-'hhalt  (1974). 

To  demonstrate  the  validity  of  the  quasi- 
equilibrium  approach,  typical  calculated  lifetimes 
for  OH  and  HO,  (OH  + HO;  + H;0;)  are  shown  in 
fable  14  as  a function  of  altitude,  latitude,  and 
season  I or  OH.  the  longest  lifetime  shown  is  6.0 
seconds,  which  occurs  during  the  winter  at  30°S  and 


10  km  altitude  It  should  be  noted,  however,  that 
near  0°  latitude  ai  10  km.  the  lifetime  is  approx 
imately  4-5  seconds  lhe  small  change  in  lifetime 
with  latitude  primarily  reflects  the  change  in  CO 
concentration.  Substantial  change  in  lifetime  would 
not  be  expected  at  still  higher  latitudes  in  the  winter 
southern  hemisphere  where  OH  concentrations  are 
decreasing  rapidly  (f  ig  41 1 fhc  lifetime  of  HO,  is 
shown  to  fall  in  the  range  l-S  x 10  4 seconds  These 
lifetimes,  although  considerably  longer  than  that  for 
OH.  are  still  quite  short  when  compared  to  those  for 
meridional  and  vertical  transport 
The  calculation  procedure  used  in  this  study  was 
a modified  version  of  a one-dimensional  time- 
dependent  model  using  the  above-mentioned  fixed 
variables.  The  model  normally  calculates  the  con- 
centrations of  15  different  trace  species  While  a 
number  of  these  had  fixed  concentrations  in  this 
study . others  important  to  the  OH  distribution  have 
not  been  measured  in  sufficient  detail  Their  con- 
centrations were  calculated  within  the  model,  utiliz- 
ing the  variations  in  solar  zenith  angle,  temperature, 
and  concentrations  of  specified  species  to  determine 
their  distributions  Species  such  as  N>0.  NO.  NO;. 
H NO;,  and  H;0;  have  fixed  concentrations  at  the 
surface,  which  basically  define  their  tropospheric 
profiles.  These  fixed  boundary  conditions  were  not 
varied  with  latitude  and  season  in  the  calculations 
Heterogeneous  removal  processes  for  NO;.  UNO*, 
and  H;0;  were  included  in  the  model  by  assuming  a 
constant  decay  rate  below  8 km  with  an  assumed 
lifetime  of  10  days  for  NO;  and  5 days  for  UNO; 
and  HsO;.  Reaction  rales  in  the  model  were  based 
on  the  evaluated  rates  as  given  in  Hampson  and 
Garvin  (1975).  Also,  the  chain  of  reactions  resulting 
from  the  oxidation  of  methane  is  likely  to  result  in 
the  production  of  several  HO,  molecules  (Crutzcn 
and  Isaksen  1975)  However,  the  reaction 
mechanism  is  still  not  fully  established  and  needs 
further  analysis.  W e have  assumed  in  this  study  that 
each  CH\  molecule  produced  from  t ll4  results  in 


Table  !•!  Some  estimated  tropospheric  chemical  lifetimes  for  110^  (HO,  ♦ It.O,  + Olll  ami  OH. 


...  . Lifetime  (seconds)  at  latitude  of: 


Altitude 

(Vm) 


hgun  41  ( alculaud  global  variations  in  tropospheric  Oil  con- 

centrations. \ alues  are  at  local  noon.  hvav>  lines  represent  average 
tropopause  altitude. 


the  formation  of  two  HO.  molecules.  We  have 
based  this  on  the  examination  of  a 16-step 
mechanism  for  methane  oxidation.  However, 
because  of  uncertainties  in  reaction  rates,  it  is  still 
not  clear  exactly  how  man)  HO,  molecules  result 
from  this  series  of  reactions. 

Model  sensitivity  to  the  fixed  surface  concentra- 
tions of  some  of  the  less  well  measured  species  has 
been  studied  Surface  concentrations  of  NO>  and 
NO  are  important  in  this  study  because  of  their  cen- 
tral role  in  determining  the  OH  concentration 
through  the  reactions 


OH  + NO,  ♦ M - UNO,  + M . 
HO,  ♦ NO  - OH  + NO,  . 


(4-1) 

(4-2) 


The  relative  loss  rate  of  HO;  through  reaction  (4- 
2)  and  the  reaction  HO;  + HO;  • H;0;  + O;  deter- 
mines the  effectiveness  of  CO  as  a net  sink  for  OH 
through  the  cycle 


OH  + C'O 

-»  H + CO,  . 

<4-3| 

II  + O,  + M 

-*  HO,  + M . 

(4-4) 

HO,  + NO 

- OH  + NO,  . 

(4-5) 

HO,  + HO, 

- H,0,  + O,  . 

(4-6) 

W ith  high  NO  concentration,  reaction  <4-3)  no 
longer  represents  a major  sink  for  OH  radicals.  In 
our  calculations,  we  used  fixed  surface  concentra- 
tions of  0.4  ppb  for  NO;  and  0.17  ppb  for  NO 
These  concentrations  were  low  enough  that  our 
results  for  OH  were  not  very  sensitive  to  further 
decreases  in  concentration.  For  example,  decreasing 
NO  and  NO,  by  a factor  of  20  resulted  in  less  than  a 
y"<  change  in  OH  concentrations.  However,  larger 
surface  concentrations  for  NO  and  NO;  would  in- 
crease the  sensitivity  sharply.  For  example,  increas- 
ing the  NO  and  NO,  concentrations  by  a factor  of  5 
tlo  2 0 ppb  for  NO;!  resulted  in  approximately  a 
40‘V  increase  in  tropospheric  OH  concentrations 
I his  clearly  points  to  the  need  for  better  NO, 
measurements  in  the  troposphere.  Furthermore,  in- 
sofar as  the  local  NO,  concentration  is  also  depen-  ] 

dent  upon  the  heterogeneous  removal  rates  of 
UNO,  and  NO;,  a careful  quantification  of  global 
rainout  would  be  desirable.  We  have  also  noted  a 

high  level  of  model  sensitivity  to  the  lower  houn-  | 

dary  condition  of  H;0;.  and  this  is  being  studied  in 

greater  detail.  We  would  recommend  strongly  some 

measurement  of  tropospheric  H;0;  m the  near 

future. 

V ertical  OH  distributions  corresponding  to  local 
noon  were  computed  for  every  ten  degrees  of 
latitude  from  70°N  to  70CS  for  the  summer  and 
winter  seasons,  and  the  results  are  shown  in  I ig.  41 
The  highest  OH  concentrations  occurred  in  regions 
of  high  solar  insolation  where  Of  1 D)  concentra- 
tions are  highest.  The  lack  of  symmetry  between  the 
northern  and  southern  hemispheres  for  the  same 
season  (Fig.  4 1 ) occurs  because  of  the  differences  in 
CO  concentrations  between  hemispheres  (approx- 
imately a factor  of  3 more  CO  in  the  northern  < 

hemisphere  according  to  Seiler  (1474!! 

In  order  to  compare  these  results  with  the  autumn 
noon  measurements  of  Davis  et  al.  tl47<,).  we 
averaged  the  summer  and  winter  values  The 
resulting  OH  distribution  is  in  good  agreement  with 
the  available  measured  values  For  7 km  at 
32°N.  Davis  et  al  found  (3.5  ± 2.3)  X 10** 
molecules  cm  '.  whereas  the  model  result  was  3 2 
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X IOh  f or  7 km  and  1 1.5  km  al  2I°N.  the  ob- 
served values  were  respective!)  (9  1 ± 3.2)  x 10 6 
and  (4  9 ± 2.0)  X I0f\  whereas  the  model  results 
were  4 2 x 10*'  and  3.2  X 10 'V  The  concentrations 
corresponding  to  lv^;al  noon  in  Tig  41  were  then 
utilized  as  the  initial  condition  in  a diurnal  calcula- 
tion oT  the  Ol  I distribution.  I samples  of  the  diurnal 
results  are  shown  in  t ig  42  In  general.  OH  concen- 
trations reach  a peak  at  local  noon,  when  Q(  1 1) ) 
concentration  is  highest,  and  rapidlv  decrease  at 
sunset  due  to  loss  mechanisms  that  continue  while 
production  mechanisms  have  stopped 


Time  of  day  (hr) 

1 1 iiii  r,  4'  Kxantplrx  of  the  linn  and  spatial  < aria  lions  in  the  diur 
nal  Oil  distribution 


\ diurnal  averaging  factor,  o.  was  determined  for 
each  of  the  calculated  diurnal  variations  b> 
calculating  the  average  24-hour  Oil  concentration 
relative  to  the  noon  value.  Generali)  our  averaging 
factor  is  somewhat  larger  than  the  value  given  bv 
Warneck  (1975).  We  believe  this  is  due  to  the  fact 
that  Warneck  obtained  the  scaling  factor  through 
averaging  the  photolysis  rate  of  O*  in  forming 
0(  '())  while  ours  is  a direct  result  taking  into  ac- 
count the  diurnal  variations  of  other  trace  species 
such  as  NO.  NO;.  HO;,  etc.  Values  of  <t  ranging 
from  0.22  to  0.50  were  found  depending  on  season 
and  latitude,  with  a small  dependence  on  altitude. 
Multiplying  a times  the  noon  OH  concentrations 
gives  the  diurnallv  averaged  concentrations  shown 
in  I ig.  43.  Since  smaller  values  of  o occur  in  sum- 
mer equatorial  regions  than  in  the  polar  regions,  the 
diurnal-averaged  distribution  tends  to  be  more  un- 
iform spatially  than  the  distribution  of  local  noon 
values. 

The  OH  distribution  averaged  diurnallv  and 
seasonally  is  shown  in  Tig.  44.  Approximately  75rf 
of  the  tropospheric  OH  is  contained  in  the  band 
30°S-30°N,  although  this  band  comprises  onlv  half 
of  the  global  area.  Therefore,  a majoritv  of  the 
tropospheric  OH  will  be  found,  in  a seasonal-  and 
diurnal-averaged  sense,  within  the  equatorial 
region:  91%  of  it  is  contained  between  60°S  and 
b0°N.  Integrating  the  diurnal-  and  scasonal- 
averaged  concentrations  of  OH  in  f ig  44  results  in 
a tropospheric  average  OH  concentration  of  I f>8  X 
10  h molecules  cm1. 

It  is  also  interesting  to  note  the  clear  presence  of 
the  tropopause  in  these  results  (Figs.  41.  43.  and 
44).  This  is  expected  in  that  the  initial  data  such  as 
temperature,  water  vapor,  ozone,  and  carbon 
monoxide  all  exhibit  distinct  transitions  between  the 
troposphere  and  stratosphere.  The  preservation  of 
such  transition  regions  in  the  computed  OH  dis- 
tribution is  indirect  evidence  on  the  meaningfulness 
of  this  modeling  procedure. 

New  1-0  Model  Results 

Recent  remeasurements  of  the  reaction  rates  for 
NO  + HO;  and  OH  + CO  (a  large  pressure  depen- 
dence was  noted)  have  led  to  significant  changes  in 
the  model  chemistry.  The  net  result  of  these  model 
changes  is  that  the  tropospheric  average  OH  con- 
centration computed  with  our  one-dimensional 
model  is  now  1.28  X 10  ^ molecules  cm  ’ as  com- 
pared to  the  previous  value  of  1.7  X 10*' 
molecules  cm  \ Table  15  shows  the  sensitivity  of 
the  tropospheric  average  OH  to  changes  in  various 
parameters  w ithin  the  one-dimensional  model  Note 
that  the  sensitivitv  to  NO  and  NO;  is  much  greater 
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than  that  found  previously.  The  present  values  from 
the  one-dimensional  model  compare  very  closely  to 
those  found  at  midlatitudes  in  the  global  distribu- 
tion derivation.  Therefore,  although  the  latitudinal 


N Latitude  S 

/ iyi/re  JJ  Seasonally  and  diurnalli  awraged  global  Oil  distribu- 
tion. Meats  lines  represent  average  tropopause  altitude. 


distribution  would  be  affected,  a recalculation  of 
the  global  Oil  distribution  should  not  result  in  large 
differences  in  average  tropospheric  OH  from  the 
previous  assessment. 

Utilizing  observational  data  for  the  key 
parameters  to  determine  tropospheric  OH.  we  have 
calculated  a global  distribution  that  agrees  well  with 
the  available  but  limited  measured  data.  We  have 
also  identified  some  of  the  major  uncertainties  in 
the  determination  of  global  OH  distribution,  such 
as  the  lack  of  measurements  of  HyOy  and  IKK  the 
lack  of  global  tropospheric  data  on  NOv  and  the 
uncertainty  in  the  production  mechanisms  of  HO, 
from  hy  drocarbons.  In  addition,  it  should  be  noted 
that  neglected  processes  such  as  a net  source  or  sink 
of  HO,  from  nonmethane  hydrocarbons  may  play 
an  important  role  in  the  determination  of  a global 


Table  1.1  Sensitivity  of  calculated  average  tropospheric  OH  to  changes  in  various  parameters  within  the  one-tlimensional  model. 

Average  OH  calculated 

Case  (molecules  cm  * I 


Ambient  atmosphere 

( hangc  NO,  boundary  conditions — less  NO, 

(NO  from  0.1  to  0.067  pph,  NO;  from  0.25  to  0.1  ppb) 

Change  NOx  boundary  conditions — more  NO, 

(NO  to  0.17  ppb,  NO;  to  0.4  ppb) 

IIOj  ♦ NO  rate  = 6 x I0‘,J  rather  than  8 x 10" 12 
Pressure  dependence  of  CO  ♦ OH  not  included 
Methane  cycle  produces  I HO;  rather  than  2 IIO; 

H;0;  photolysis  cutoff  at  254  nm  rather  than  315  nm 


1.28  x 10" 
1.05  x to" 


1.5  X I01' 


0.4  X I01' 
1.9  X lO1' 
l.l  X to" 

0.7  x 10*’ 
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tropospheric  OH  distribution.  Because  of  the 
emerging  importance  of  OH  in  the  tropospheric 
chemical  cycles  and  the  continuing  improvements  in 
both  the  laboratory  kinetics  data  and  atmospheric 
measurements,  more  detailed  analyses  of  its  tem- 
poral and  spatial  distribution  will  be  required  in  the 
future. 


2.10  Alternate  Halocarbons:  Tropospheric 
Lifetimes  and  Potential  Effects  on 
Stratospheric  Ozone 

Recent  concern  over  possible  regulations  on  the 
use  of  the  halocarbons  CFCI,  and  CF2CU.  because 
of  their  potential  impact  on  stratospheric  ozone 
(National  Research  Council  1976.  Hudson  1977), 
has  prompted  consideration  of  potential  replace- 
ment compounds.  The  prime  reason  for  the  ac- 
cumulation of  CFCI,  and  CFsCIi  in  the  troposphere 
and  eventually  the  stratosphere  is  their  inertness. 
Consequently,  in  seeking  alternate  halocarbons,  we 
consider  it  a desirable  characteristic  that  they  be 
degraded  in  the  troposphere  For  many  of  the 
potential  substitutes,  reaction  with  OH  radicals  ap- 
pears to  be  the  principal  mode  of  degradation  in  the 
troposphere.  Given  a tropospheric  distribution  of 
OH.  we  can  estimate  the  tropospheric  chemical 
lifetimes. 

The  tropospheric  chemical  lifetime  r for  the  reac- 
tion OH  + X with  reaction  rate  K can  be  specified 
by 


l 

T 


K.  1 X | [OH)  dV 


[X]  dV 


where  | ] is  concentration  and  V is  volume,  in- 
dicating integration  over  the  whole  troposphere.  If 
we  assume  that  the  species  X is  uniformly  mixed  in 
the  troposphere,  then 


J, 

r 


K[OH]  p dV 


p dV 


where  p is  air  density. 

Assuming  that  the  reaction  with  OH  is  the  rate- 
determining  step  for  the  overall  degradation 


process,  we  have  determined  tropospheric  residence 
times  for  a number  of  halocarbons.  both  natural 
and  man-made,  and  these  arc  shown  in  I able  16 
All  photochemical  and  kinetic  evidence  available  in- 
dicate that  both  of  the  above  assumptions  are 
justified  These  tropospheric  chemical  lifetimes  were 
calculated  with  the  diurnally  and  seasonally 
averaged  OH  distribution  in  Fig.  44  The  predicted 
lifetime  of  methyl  chloride.  CH,CI.  of  0.4  year  is 
short  enough  that  seasonal  variations  ol  this  impor- 
tant halocarbon  (~0.7ppb  in  the  troposphere. 
Davis  (1976))  may  be  expected  Most  of  the 
calculated  tropospheric  lifetimes  are  very  short 
(<  I yr)  and  are  unlikely  to  result  in  large  concentra- 
tions of  these  compounds  reaching  the  stratosphere. 
However,  the  long  lifetimes  of  CFsCIH  (4  6 yr)  and 
CH,CFjCI  (7.1  yr).  although  much  shorter  than  the 
lifetimes  for  CFCI,  and  CFsCK  w ill  require  further 
analysis  to  determine  their  possible  stratospheric- 
impact. 

To  see  how  the  calculated  lifetimes  relate  to  the 
predicted  effect  these  halocarbons  might  have  on 
stratospheric  ozone,  we  have  used  the  l l l one- 
dimensional transport-kinetics  model  to  analyze  the 
steady-state  vertical  distribution  of  several  of  these 
halocarbons  assuming  a production  rate  of  500.(XX) 
tonnes/yr.  Table  17  shows  the  reaction  rate- 
assumed  for  each  of  the  halocarbons  reacting  with 
OH.  Temperature  dependences  were  assigned  to  (Ite- 
rate coefficients  for  CFjCHjCl,  CF,CL:H.  and 
CF,CFCIH  on  the  basis  of  a comparison  with  the 
reaction  rates  of  similar  reactions  as  measured  b\ 
Davis  (1976). 

Figure  45  shows  the  absorption  cross  sections 
used  for  the  five  halocarbons  tested.  These  cross 


/ igurr  •».<  Absorption  crow  sections  used  for  the  fi>c  hrinenrhons 

tested. 


I 


J 
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Table  lb  Fstimated  tropospheric  chemical  lifetimes  (r)  of  halocarbons. 


Species 

Designation 

r «yr> 

Rate  data 

CHjCI 

- 

0.4 

Davis  ( 19761*’ 

ch2ci. 

- 

0.2 

Davis  ( 1976)*’ 

CCI^H 

- 

0.2 

Davis  (1976)b 

CH3B, 

- 

0.5 

Davis  (I976)b 

C2C,4 

- 

0.2 

Davis  (I976)b 

CH3CCI3 

Ft' -31 

1.4 

Howard  and  Fvcnson  (I976)‘ 

CHjOF 

FC-31 

I.S 

Davis  (1976) 

cf3ci2h 

FC-I23 

0.6 

Howard  and  Fvcnson  (1976) 

CCIjUI 

FC-21 

0.A 

Howard  and  Fvcnson  (1976) 

CCIjFH 

FC-21 

0.7 

Davis  (1976) 

CFjC'FCIH 

FC  124 

1.3 

Howard  and  Fvenson  (1976) 

CF/’HjCI 

FC-l33a 

1.5 

Howard  and  Fvenson  1 1976) 

CFjC'IH 

FC-22 

4.5 

How  ard  and  Fvenson  ( 1976) 

CFjCIH 

FC-22 

4.6 

Davis  (1976) 

CFjCtCH, 

FC-l42b 

5.4 

Howard  and  Fvcnson  ( 1976) 

CF2OC"3 

FC-l42b 

7.1 

Davis  (1976) 

"These  lifetimes  are  based  on  the 

2-1)  OH  distribution  computed  in  Section  2.9. 

^Temperature  dependent  rate  data. 

c Room-temperature  measurements. 

Table  1 7.  The  reaction 
lifetimes  (Table  16)  on 

rates  of  halocarbons  with  OH  assumed  in  investigating  the  effects  of 
the  predictions  of  stratospheric  ozone  (sec  Table  18). 

the  calculated  halocarbon 

Reaction 

Rate  coefficient 

Source 

CFjCHjCI  + OH 

5.9  x 

10" 13 

exp  (-1200  T) 

Based  on  Howard  and 
Fvenson  (1976) 

CF3CI2H  ♦ OH 

1.24  x 

10",J 

exp  (-1056 T) 

Based  on  Howard  and 
Fvcnson  (1976) 

CFjCIH  + OH 

9.5  x 

10"13 

exp  (-1577/T) 

Davis  (1976) 

CF3CFCIH  ♦ OH 

5.25  x 

I0"13 

exp  (-1 191 /T) 

Rased  on  Howard  and 
Fvenson  (1976) 

CFjCKtl  ( + OH 

1.14  X 

I0",J 

exp  (-1750  T) 

Davis  (1976) 

sections  ure  based  on  unpublished  data  by  Witt  and 
Silver  (private  communication.  1977).  All  chlorine 
atoms  in  a molecule  were  assumed  to  be  released 
when  it  reacted. 

The  change  in  total  ozone  computed  at  steady 
state  is  shown  in  Table  18  for  each  of  the 
halocarbons.  The  predicted  change  in  total  ozone 


was  small  for  all  of  the  halocarbons  tested,  ranging 
from  -0.13%  for  to  -0.40%  for 

CFjCICH  v These  are  to  be  contrasted  to  the  -9.3% 
change  in  total  ozone  predicted  for  C'FA  l> 
assuming  the  same  production  rate  to  steady  state 
of  500.000  tonnes/yr.  \s  shown  in  Table  18. 
changing  the  boundary  conditions  for  NO  and  NO> 


r - 


fnWc  /A  Ciliulilnl  change  in  total  otunt  due  to  a steady  -state  release  of  halocarbons  at  a rate  of  $00,000  tonnes  yt. 
Results  are  given  for  two  different  average  tropospheric  OII  concentrations. 


Species 


Change  in  total  oaone  {"•  1 assuming: 
OH  = 1.28  x I06  cm'3  OH  = 


OH  = 1.05  x I06  cm-3 


CFjCH  Cl  (FC  133a) 


CF,CI2H  (Ft  123) 


CFjl'IH  (Ft -22) 


CFjCFCIH  (FT- 1 24) 


CFjtKIIj  (FC-l42b) 


1U  ‘ 1U  ' 1 10  10' 

Loss  rate  - molecules/cm3  s 


Loss  rate  - molecules/cnrr  s 


hgurr  *'  ( floriated  low  rate  with  altitude  for  CF,CI2H  (FC-  hgurr  49  Calculated  loss  rate  with  altitude  for  CF,t  FtlH  l Ft 
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/ inure  SO  ( akuUtrd  luvs  rale  • ith  altitude  for  CKj  C'K'H , ( KC  - 

142b  i. 


(see  Table  15)  so  as  to  reduce  the  average 
tropospheric  OH  to  1.05  X 10  6 molecules/cm  1 has 
very  little  effect  on  the  predicted  ozone 
perturbation. 

Figures  46-50  show  the  calculated  loss  rates 
versus  altitude  for  each  of  the  halocarbons.  In  each 
case,  most  of  the  loss  occurs  in  the  troposphere  or 
lower  stratosphere  where  very  little  of  the  released 
chlorine  is  capable  of  reaching  altitudes  important 
to  the  chlorine-ozone  catalytic  cycle.  On  the  other 
hand,  most  of  the  CFiCK  is  destroyed  in  the  upper 
stratosphere,  with  very  little  being  destroyed  in  the 
troposphere  or  lower  stratosphere. 


techniques.  By  accounting  for  the  two  hemispheric 
abundances  separately,  it  is  possible  to  check  the  in- 
ternal consistency  of  hemispheric  data  and  global 
averages. 

The  continuity  equations  for  the  abundance  of  a 
given  trace  species  in  each  hemisphere  may  be 
written 

] 1 

~S N -iMN  -7-<MN  -MS>-  » 

N I 


- Ms>  • 


(ii--) 


where 

Ms.  Ms  = the  total  hemispheric  abundances 
(north  and  south), 

SN.  Ss  = the  hemispheric  release  rates. 
rN.  rs  = the  chemical  removal  rates, 
rT  = the  interhemispheric  mixing  time. 

Following  the  pattern  of  historical  release  data,  the 
release  rate  in  the  northern  hemisphere  is  taken  to 
be  equal  to  a simple  exponential  function. 


SN  = aebt  , (U-3) 

and  the  southern  hemispheric  release  rate  is 
assumed  to  equal  zero.  The  solutions  for  (I  l-l)  and 
(11-2)  are 


MN(t)  = a0ebl  + a,  exp(-X,t)  + a,  exp(-X,t)  . 

(11-4) 


2.11  Analysis  of  Global 
Budgets  of  Halocarbons 

A two-box  model  provides  a framework  within 
which  one  may  examine  the  consistency  of  at- 
mospheric data  concerning  the  abundance  and 
hemispheric  ratio  of  man-made  halocarbons  and 
their  release  rate  data.  The  continuity  equations 
that  constitute  the  model  relate  the  hemispheric 
abundances  (north  and  south)  to  the  anthropogenic 
release  rales,  the  chemical  removal  rates,  and  the  in- 
terhemispheric transport  time  Given  the  usually 
representative  exponentially  increasing  release 
rales,  the  solutions  of  the  two-box  model  arc  no 
more  complicated  than  those  of  the  simple  one-box 
model,  hut  they  add  considerable  insight  into  the 
adequacy  and  deficiencies  of  these  simple  analysis 


Ms(t)  = 0oebl  + 0,  expf-X,  t)  + 0,  exp(-X:t)  . 


where 


(11-5) 


arT(l  + brT  + TjlT$) 

0(1  (I  + brT  + rT/rs)(l  + bry  + rT/rN)  - 1 


al  * -°0  - a2  • 


a„(1/rN  ♦ l/rT  - X,)  - 0()/ ry 

xTTX 
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~ (I  + brT  + rT/rs)(l  + br.j.  + rT/rN)  - 1 
(3,  = a,rT(l/rN  + 1/r-,  - X, ) . 

(3,  = c«,TT(l/rN  + \/Ty  - X,)  , 

X|  i = "T  [«„,  + 1/tn  + -/t-j-3 

± [(l/rN  - 1/ts)-  + 4/t4]'J  . (||-i 


and  we  have  assumed  MN  = = 0 at  t = 0.  A 

similar  solution  may  be  found  for  the  ease  in  which 
SN  varies  exponentially,  as  in  (1 1-3).  with  different 
rates,  b.  over  different  time  periods. 

The  total  cumulative  amount  of  gas  released  into 
the  atmosphere  at  any  given  time  t is 


I or  sufficiently  long  times  (bt  >>  I),  the  ratio  of 
the  total  atmospheric  abundance.  M = Ms  + MN, 
to  the  total  released  is  approximately  constant. 


-5L  - . (ii-8) 

Mt  1 +bTs-rTR  -ts/tn> 

where  R is  the  hemispheric  ratio  of  abundances. 
Ms/Mv  This  formula  reduces  to  the  formula 
derived  for  the  one-box  model  in  the  case  rs  = rN 
(compare  Singh  1977).  To  the  same  order  of  ap- 
proximation. the  ratio  R is  further  related  to  the 
parameters  rsand  r t according  to 


R = 7T- 


I + brT  + tt^tS  ' 


from  which  r,  may  be  easily  deduced  from  a 
knowledge  of  the  hemispheric  abundance  ratio  for  a 
gas  with  a fairly  long  lifetime  (see  next  subsection). 
For  our  further  discussion  we  introduce  the 


northern  hemispheric  total  abundance  ratio. 
Mn  N1|.  which  is  given  by 


MT  ~ (1  + brT  + tt/tn)  - R 
and  the  global  average  lifetime,  r.  given  by 


(11-10) 


i - (—>  MfA  _L 

r ’ Vs  + tn/m 


(ii-ii) 


We  also  find 


1 + R 


s R + ts/tn 


(11-12) 


If  r = rs  = rN  (e  g..  F-l  I and  F-12).  we  have  from 
Hq.  (11-8) 


At  _ Ab_ 
r b 

A(M/M. 
= (M/Mt 


rfT)  [ M/Mt  1 

7T  (_'  + (i  - m/mt)J 


Consequently,  if  one  deduces  the  atmospheric 
lifetime  from  the  real  release  rate  coefficient  b and 
the  measured  global  abundance  ratio,  M/Mr.  the 
percent  variation  in  r is  only  directly  proportional 
to  the  percent  variation  in  b but  may  have  a very 
strong  dependence  on  the  variations  in  M/Mj  If 
M/M  | is  in  the  range  of  0.8  to  0.9  as  is  observed  for 
the  long-lived  halocarbons.  the  amplification  factor 
on  the  variation  of  the  atmospheric  lifetime  is  in  the 
range  of  5 to  10.  Thus,  a 5%  uncertainty  in  the 
global  abundance  ratio  M/MT  for  F-l  I or  F-12  will 
lead  to  25%  to  50%  error  in  the  deduced  lifetime  for 
these  trace  species.  A large  number  of  very  accurate 
measurements  with  good  global  coverage  would  be 
required  to  establish  the  abundance  ratio  M/N1T  to 
better  than  5%.  Thus  it  is  nearly  impossible  to  con- 
clusively detect  the  existence  or  nonexistence  of  the 
so-called  “hidden  tropospheric  sinks"  for  long-lived 
halocarbons  through  global  budget  analysis  (see  the 
second  subsection  following  for  further  discussion). 

For  shorter-lived  species  we  may  hope  to  derive  a 
more  meaningful  lifetime  from  a budget  analysis.  It 
is  important,  however,  in  this  case  to  use  the  two- 
box  model  to  check  the  atmospheric  data  for  con- 
sistency with  the  analysis.  If  rT  and  b are  known, 
Fqs.  (11-9)  and  (11-10)  provide  a clear  test  for  this 
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purpose.  While  the  lifetime  analysis  for  shorter- 
lived  species  is  still  highly  sensitive  to  uncertainties 
in  K and  MN/M|  if  varied  separately,  the  field  of 
possible  variations  is  reduced  with  the  two-box 
model  since  both  R and  MN  Mj  must  be  consistent 
with  a single  interhemispheric  mixing  lime.  rT. 

We  have  framed  our  two-box  model  discussion  in 
terms  of  the  parameters  M N/M  f ;.nd  R because  we 
believe  that  their  determination  from  atmospheric 
data  should  be  relatively  more  accurate  than  the 
determination  of  either  hemispheric  abundance 
separately . The  determination  of  R should  be  less 
sensitive  than  that  of  either  Ms,  or  Ms  to  any  possi- 
ble systematic  instrumental  bias  present  in  the 
measurements.  The  use  of  M\  M|  is  preferable  to 
the  use  of  M M j because  the  relative  error  for  MN 
should  be  smaller  than  the  relative  error  for  M.  This 
follows  because  of  the  better  latitudinal  coverage  in 
the  northern  hemisphere  and  the  larger  magnitude 
of  local  concentrations,  for  the  gases  discussed 
below.  R and  Ms,/MT  were  calculated  assuming  a 
constant  mixing  ratio  equal  to  that  obtained  lor  a 
particular  observation  above  20°  latitude  in  the 
northern  hemisphere  and  below  30°  latitude  in  the 
southern  hemisphere  (Rasmussen  1977).  and  assum- 
ing a linearly  decreasing  concentration  from  20°N 
to  30°S.  The  mixing  ratio  was  constant  throughout 
the  troposphere,  whose  vertical  extent  was  taken 
equal  to  16  km  from  30°N  to  30°S.  and  decreased 
linearly  from  a value  equal  to  13  km  at  30°N  and 
30°S  to  X km  at  the  poles.  The  concentration  in  the 
stratosphere  was  taken  equal  to  zero.  except  for  the 
species  with  known  long  tropospheric  lifetimes. 


Application  to  Freon- 1 1 

As  shown  in  Tig  51.  we  obtain  a good  fit  to  the 
release  rate  data  for  F-II  using  the  exponential 
function  given  in  fcq.  (11-3),  for  the  periods 
1958-1965.  1965-1973.  1973-1974.  and  1974-1977. 
with  the  following  parameters 


a 

b 

Period 

28.0 

0.19 

1958  1965 

106 

0.13 

1965  1973 

314 

0.032 

1973-1974 

324 

-0.025 

1974-1977 

The  formulas  (1 1-9)  and  (1 1-10)  relating  Mn/Mj 
and  R to  rN.  r«j.  and  rr  should  be  applicable  for 
data  obtained  before  1975  if  we  use  b = 0.13.  Data 
obtained  alter  early  1975  must  be  analyzed  using  the 
full  time-dependent  solution  given  by  (11-4)  and 
(1 1-5).  since  a new  steady  state  for  Mn/Mj  and  R 
would  lake  several  years  to  develop  (see  Tig.  54). 


r 


Unfortunately,  as  discussed  below,  not  many 
measurements  for  F- 1 1 are  available  for  the  period 
before  1975 

Figure  52  shows  how  the  solutions  for  the  in- 
terhemispheric mixing  lime.  rj.  and  atmospheric 
lifetime,  r.  depend  on  the  parameters  Ms,  \l  | and 
R in  the  case  rs  = rN.  Large  values  lor  the  ratio  R 
are  consistent  with  short  mixing  times,  large  \ alues 
for  Mn/M|  arc  consistent  with  long  atmospheric 
lifetimes.  The  dependence  of  the  lifetir<.s  on 
M\/NI  r is  quite  sensitive  to  values  of  M\  Mj  near 
the  physical  upper  limit. 

Mn/Mt  = TTr  <as  rs  * rN  - 

This  is  illustrated  further  in  Tig  53.  and  we  may 
conclude  that,  as  already  mentioned,  a very  high 
level  of  accuracy  in  the  data  for  the  hemispheric 
abundance  is  required  in  order  to  derive  a reliable 
estimate  for  the  lifetime  of  long-lived  species  (i  e . 
T-ll  and  K— 12).  For  example.  Fig.  53  shows  that 
Mn/M  | would  need  to  be  known  to  better  than  6‘r 
in  order  to  conclusively  show  that  the  lifetime  for 


I igutf  .</  Release  rate  of  P-1 1 Itrna  III.  I)ilt  points  were 
taken  from  Hudson  i 1977 1 and  Van  Horn  |H77|.  I hr  straight 
lines  correspond  lo  thr  fit  ohlainrd  using  the  parameters  for 
Kq-  < 1 1-.' i gi*en  in  the  text. 
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o Cox  et  al.  (1976) 

0 Lovelock  et  al.  (1973) 
o Rasmussen  (1977) 


40 


Presence  of 
natural  source 


0.9  rT  = 0.77\ 


0.8  h rT=  1 * 


r = 30\  60\  \90\°° 


tT  = 3-0, 


' 0.3  0.4  0.5  0.6  0.7 

Mn/Mt 

/ inure  Rclutinnship  hriurrn  (he  F-l  I hemispheric  ratio  of 
abundances.  K M „ Mv.  the  northern  hemispheric  abi  -lance 
ratio.  M N Nl  , . the  interhemispheric  mixing  time,  r , , and  the 
chemical  removal  time.  r.  for  the  tv*o-ho\  model  with  r = rs  = 
r v The  units  for  r and  7 , are  sears 


I -I  I was  equal  to  .10  ± 10 years.  It  is  clear  from  the 
scatter  of  points  shown  in  f ig.  52.  however,  that  the 
data  obtained  before  1975  cannot  be  used  to  es- 

tablish a short  lifetime  for  F- 1 1 . The  data  points  dis- 
played in  fig.  52  were  calculated  from  measure- 
ments of  F-l  I taken  before  1975  (see  Table  19).  The 

derived  values  for  R range  from  0.65  to  0.82.  They 
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l igurc  \<  Scnsitivits  of  the  derised  atmospheric  lifetime  of  K-l  I 
to  changes  in  the  abundance  ratio  Mv  'M , for  Ihe  case  r ;s  - 
> s for  two  values  of  Ihe  interhemispheric  mixing  lime  • | tin 
sears). 


are  consistent  with  transport  times  in  the  range 
from  0.94  to  3.0  years.  The  measured  total  abun- 
dance ratios.  MN/M  j . are  also  w idely  scattered  and 
range  from  0.31  to  0.49.  The  concentrations  re- 
ported by  Rasmussen  (19771  appear  to  be  most  con- 
sistent with  the  60-year  lifetime  for  f-l  I determined 
from  atmospheric  models  (National  Research 


Tabic  19  Measurements  of  CFCI^  used  to  calculate  data  points  of  Fig.  52. 


F-l  1 mixing 
ratio  (ppt)3 

Latitude 

Date 

R 

Mn/Mt 

Reference 

70 

50°  N 

Nov. -Dec.  1971 

0.640 

0.417 

Lovelock  ct  al. 

38 

60S 

(1973) 

79.8 

52' N 

Sept. -Dec.  1974 

0.824 

0.313 

Cox  ct  al.  (1976) 

* 

61.7 

33"  S 

125 

43°  N 

Jan.  1975 

0.782 

0.489 

Rasmussen  (1977) 

90 

90  S 

138 

43”  N 

Jan.  1976 

0.860 

0.489 

Rasmussen  (1977) 

113 

90”  S 

143 

43”  N 

June  1976 

0.903 

0.483 

Rasmussen  (1977) 

125 

43°S 

154 

43”  N 

Jan.  1977 

0.822 

0.493 

Rasmussen  (1977) 

127 

90”  S 

1 
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Council  1976).  His  measured  interhemispheric 
ratio.  0.78.  would  imply  an  interhemispheric  mixing 
lime  of  19  years 

Since  1975  the  value  for  R derived  from  at- 
mospheric measurements  has  apparently  increased. 
As  shown  in  f ig  54  the  growth  in  K is  consistent 
with  the  decreasing  rale  for  the  release  of  F-ll 
(I  ig  51 ).  A very  rapid  growth  of  R.  as  suggested  by 
the  data  shown  in  Fig  54.  is  not  consistent  with  the 
two-box  time-dependent  model  As  shown  in 
I ig.  54  the  calculated  rise  in  R after  1975  increases 
more  rapidly  for  longer  interhemispheric  mixing 
limes.  If  the  interhemispheric  transport  time  were 
longer  than  two  years,  a rapid  rise  could  be  ex- 
plained. but  then  the  calculated  absolute  value  of  R 
would  be  substantially  less  than  that  required  by  the 
data.  Since  there  were  very  few  measurements  taken 
before  1975.  conclusions  based  on  the  rate  of 
growth  for  R are  risky  We  therefore  take  I yr  < rT 
<2yr  as  an  acceptable  range  for  the  in- 
terhemispheric transport  time  (compare  C'/eplack 
and  lunge  1973). 

Application  to 

The  time  history  for  the  release  of  methyl- 
chloroform  is  shown  in  f ig.  55  along  with  the  ex- 
ponential release  rale  we  used  for  Eq.  (11-3).  The 
data  shown  in  Fig.  55  do  not  correspond  precisely 
to  the  single  exponential  grow  th  rate  chosen,  but  the 
solutions  for  R and  Mv/Mr  are  very  stable  to 
changes  in  the  parameter  b used  in  Eq.  (11-3).  We 
have  verified  numerically  that  the  change  in  b could 
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hgHn-  U t.roothin  the  K-ll  hemispheric  abundance  ratio.  H - 
\l  s M v tor  i hr  release  tola  shown  ia  Tig.  91.  for  foar  talar*  of 
the  iaterhemispheric  mixing  time  r,  « ia  tears).  Data  points  arr 
taken  from  I a Nr  I*  a ad  rrftr  to  tkr  nrawrrmrnl<  of  I o»  clock  rl 
at.  i l*Tt|,  ( ox  rt  at.  I l*7ht.  and  Raxnwxsen  i 1*77 1. 


be  as  large  as  50%  lasting  over  3-year  periods 
without  causing  the  solution  for  R and  N1s  'I  t 
change  by  more  than  5r;  * We  may  therefore  use 
- Fqs  (11-9)  and  (11-10)  in  what  follows 

Table  20  presents  the  data  for  CHjt'C'lj  and  the 
calculated  values  for  R and  M\  Mj  In  order  to 
compare  these  values  with  the  two-box  theory,  we 
must  specify  one  of  the  three  parameters  rs.  rv  or 
r | , or  introduce  another  relationship  CHiC'C'lt  is 
removed  in  the  troposphere  by  reaction  with  OH. 
and  the  average  abundance  of  OH  in  each 
hemisphere  is  not  expected  to  be  the  same  since 
higher  concentrations  of  CO  in  the  north  should 
cause  a lower  OH  concentration  (Wofsy  1976) 
C urrent  models  suggest  there  should  be  about  a 25% 
variation  in  the  average  concentration  for  OH  be- 
tween the  hemispheres.  In  what  follows  we  therefore 
assume  rs  = 0 75 r v although  the  conclusions 
drawn  are  not  very  sensitive  to  the  precise  value 
used  for  the  ratio  of  the  removal  rates 

Figure  56  shows  the  values  for  R and  M\  Mj 
from  Table  20  plotted  on  a graph  which  relates 
these  parameters  for  several  values  of  rT.  with  rs  = 
0 75rv  Also  shown  are  the  values  derived  using  a 
constant  tropospheric  mixing  ratio  in  each 


•This  conclusion  was  based  on  the  use  ol  r \ - 1 .9  tears 


hgorr  " Release  rite  of  01,(  0,.  Data  points  »m  taken 
from  \eelt  and  Honk*  i 1*77).  The  straight  line  corresponds  io  the 
fit  obtained  with  b * 11.17  in  Tg.  (I  l-X>. 


JaMc  .’()  Measurements  of  I'H  Cl'l,  mixing  ratios. 


l It  U'l , 
mixing 
ratio  tppt)J 

Latitude 

Dale 

K 

MN,Mr 

Reference 

64.8 

52  \ 

Sept. -Dec.  1974 

0.503 

0.285 

Cox  et  al.  (1976) 

24.4 

35  S 

*0 

47°  N 

Jan.  1975 

0.686 

0.403 

Rasmussen  (1977) 

54 

90  S 

98 

47' N 

Jan.  1976 

0.672 

0.376 

Rasmussen  (1977) 

57 

78  S 

109 

43"  N 

June  1976 

0.743 

0.389 

Rasmussen  (1977) 

73 

43  °S 

1 10 

47  N 

Jan.  1977 

0.716 

0.364 

Rasmussen  (1977) 

70 

90  S 

aPjrts  pel  trillion  110**1. 


hemisphere  equal  to  the  value  measured  m each 
hemisphere,  f or  Rasmussen's  ( 1977)  data,  the  more 
catcfully  derived  hemispherical  abundances  are 
consistent  with  an  average  interhemispheric 
transport  time  of  1.5  >ears.  This  is  easily  within  the 
range  of  acceptable  values  for  rf  derived  from  the 
budget  for  the  more  extensively  measured  I - 1 1 The 
interhemispheric  transport  time  derived  from  the 
raw  abundance  data  is  2 1 1 years,  somewhat  longer 
than  that  considered  appropriate. 


/n(Mir  Vi  Relationship  bttsmi  (he  CH,(TI,  northern 
hemispheric  abundance  ratio,  M x M , . and  the  hemispheric  ratio. 
R ' M s M s.  for  the  case  rs  rN  - 0,75.  for  four  tallies  of  the 
interhemispheric  mixing  time  r , ( tears  I.  The  circle  data  points  are 
measurements  bt  ( ox  cl  al.  1 19761,  the  square  points  h> 
Rasmussen  1 1*77 1 i see  fable  fill. 


I sen  for  the  adjusted  values,  the  earliest  measure- 
ments (Cox  et  al.  1976)  appear  not  to  be  consistent 
with  interhemispheric  mixing  times  that  are  less 
than  about  two  years.  This  conclusion  remains  true 
unless  the  removal  rate  in  the  southern  hemisphere 
is  more  than  two  times  faster  than  that  in  the  north, 
a condition  that  is  not  presently  supported  by  two- 
dimensional  models  for  the  tropospheric  Oil  abun- 
dance (Wofsy  1976.  Chang  et  al.  1977).  Using  the 
data  measured  by  Cox  et  al.  (1976)  and  assuming 
the  northern  hemispheric  removal  rate  is  25‘T 
slower  than  that  in  the  south,  we  derive  a transport 
time  equal  to  2.3  years  and  an  average  atmospheric 
lifetime  for  CHjCCI;  equal  to  about  4.5  years.  This 
same  analysis  applied  to  the  measurements  made  by 
Rasmussen  (1977)  leads  to  a rather  different  conclu- 
sion Rasmussen's  measurements  for  CHjCCIj  are 
consistent  with  transport  times  ranging  from  1.3  to 
1.8  years  and  with  average  lifetimes  ranging  from 
10.0  to  12.8  years.  If  we  average  his  data,  we  obtain 
a lifetime  for  CH  jCCIj  of  about  1 1.3  years. 

\s  illustrated  in  figs.  57a  and  57b,  the  derived 
lifetime  for  CH  jCCIj  is  rather  sensitive  to  the  values 
for  R and  Msg  Mr,  although  not  as  sensitive  as  the 
derived  lifetimes  for  F-ll  and  1-12.  If  we  decrease 
the  derived  value  for  the  total  abundance  obtained 
from  Rasmussen's  data  by  lOT.  from  0.38  to  0.34, 
the  average  lifetime  decreases  to  8.6  years.  If.  in  ad- 
dition. the  hemispheric  abundance  ratio  is  lowered 
from  the  derived  value  of  0.7  to  0.62.  the  value  ob- 
tained from  an  average  of  Rasmussen's  (1977)  raw 
data  for  each  hemisphere,  the  lifetime  would 
decrease  to  7.6  years  This  again  illustrates  the  high 
level  of  sensitivity  to  uncertainties  in  the  at- 
mospheric data. 
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I iyun  ' ' (a)  Sensitivity  of  the  CH , ('< "I , derived  southern 

hemispheric  lihtiat.  rN. to  the  hemispheric  abundance  ratio.  R - 
\IX/MX.  for  the  cax  rs/rx  » 0.75.  for  foor  value*  of  til*  in- 
lerhemispheric  mixing  time  r,  t years).  (b>  Sensitivity  of  rs  loth* 
northern  hemispheric  abundance  ratio.  Ms  /M , . for  the  same  con- 
ditions as  in  t a i. 

The  113-year  average  lifetime  for  CHjCCIj 
derived  above  in  not  consistent  with  the  lifetime 
derived  using  the  OH  concentrations  from  a one- 
dimensional chemical  model  In  order  to  obtain  a 
lifetime  for  CHyCCly  consistent  with  the  values 
derived  from  the  two-box  model,  the  diurnallv  and 
vertically  averaged  tropospheric  OH  concentration 
in  the  one-dimensional  model  would  have  to  be 


lowered  from  the  current  value  of  8.0  X 10 > 
molecules  cm  •'  to  2.5  X 10 

It  is  not  likely  that  the  entire  tropospheric  OH 
concentration  from  the  one-dimensional  model  is  a 
factor  of  3 too  high  since  the  calculated  noontime 
OH  concentrations  near  7 km  and  1 1 km  are 
already  somewhat  lower  than  the  values  measured 
by  Davis  et  al.  (1976).  If  the  entire  tropospheric  OH 
column  were  adjusted  downward  in  order  to 
calculate  a longer  lifetime  for  CHyC'C'ly.  the  concen- 
trations near  7 km  and  II  km  would  be  at  least  a 
factor  of  5 smaller  than  those  measured  by  Davis  el 
al.  (1976).  While  Davis's  measurements  might  be 
somewhat  higher  than  the  appropriate  noontime 
global  background  values  al  those  altitudes,  it  is  dif- 
ficult to  imagine  local  perturbations  w hich  might  in- 
crease OH  by  a factor  of  5.  The  model  results  for 
OH  above  7 km  are  therefore  probably  fairly 
reliable.  In  any  case,  any  adjustment  for  OH  above 
5 km  has  very  little  effect  on  the  calculated  lifetime 
for  C'HjCCIj,  since  the  concentration  for  C'HyCCIj 
decreases  exponentially  with  the  air  density.  The 
major  contribution  to  the  chemical  removal  of 
CH,CCI,  comes  from  the  OH  molecules  near  the 
earth's  surface.  This  is  also  the  region  where  com- 
plex processes  that  are  not  accounted  for  by  current 
models  may  cause  large  variations  in  the  density  of 
OH.  In  order  to  increase  the  calculated  lifetime  for 
CH  jCCIj  from  the  one-dimensional  model  bv  a fac- 
tor of  3,  the  OH  concentrations  below  4 km  would 
have  to  decrease  by  about  a factor  of  3. 

The  requirement  for  a large  change  in  the  concen- 
tration of  OH  near  the  surface  would  be  reduced 
somewhat  if  the  global  abundance  for  t H ,CC'U 
were  actually  smaller  than  the  values  derived  above. 
It  is  clear  that  a better  understanding  of  the 
chemical  balances  in  the  lower  troposphere  is 
needed.  More  latitudinal  coverage  in  the  measure- 
ments of  CH  ,CCI,  and  more  measurements  of  the 
OH  concentration  in  the  lower  troposphere  are 
highly  desirable. 

2.12  A Review  of  Ozone  Theory 
and  Observational  Data  * 

Until  recently,  attempts  to  validate  o/one  models 
have  been  restricted  to  comparisons  within  the 
stratosphere  and  primarily  to  total  column  depths 
and  vertical  profiles  of  measurable  species.  1 or  l-D 

•W  ah  the  cross  section*  for  photolysis  of  H .O . ot  Molina  am) 
Molina  (private  communication.  1977)  the  average  OH  concen- 
tration in  our  model  increases  to  I x It)'  molecules  cm 
Compare  Section  yo 

*See  I llsacsser  (I97(vhi 
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(one-dimensional)  models  such  comparisons  have 
been  ambiguous  at  best  due  to  the  large  seasonal 
and  latitudinal  variations  and  the  paucity  of  obser- 
vational data  even  lor  ozone  and  particularly  so  for 
all  other  trace  species.  Duevver  et  al.  (1977b) 
demonstrated  that  comparison  of  computed  and 
observed  species  profiles  within  the  stratosphere  is 
currently  inadequate  to  determine  a choice  between 
ensembles  of  reaction  rates  producing  drastically 
different  sensitivities  to  stratospheric  injection  of 
oxides  of  nitrogen.  In  addition,  with  the  recent 
development  of  several  2-D  stratosphere  models,  it 
has  become  apparent  that  by  a judicious  choice  of 
transport  prescription  it  is  possible  to  match 
latitudinal  and  seasonal  variations  in  total  ozone 
with  various  representations  of  stratospheric 
chemistry.  Accordingly,  it  now  appears  that  valida- 
tion of  the  chemistry  of  the  stratospheric  ozone 
layer  can  best  be  done  outside  the  stratosphere,  or 
at  least  outside  the  middle  and  lower  stratosphere 
where  species  concentrations  depend  more  on 
transport  than  on  photochemical  equilibrium.  That 
is.  the  most  sensitive  regions  for  validating  ozone 
chemistry  by  comparison  with  observations  appear 
to  be  above  35  km,  where  photochemical  equi- 
librium is  believed  to  be  least  disturbed  by 
transport,  and  in  the  troposphere  where  we  have  the 
most  observational  data. 

A review  of  comparisons  which  have  been  made 
in  these  regions  indicates  some  remaining  flaws  or 
uncertainties  in  our  current  understanding  of  the 
chemistry  of  the  ozone  layer  Prechlorine  models 
typically  computed  a maximum  ozone  mixing  ratio 
exceeding  that  observed  and  a decrease  in  ozone 
concentration  with  height  (— 0[O xl  flz)  above  this 
altitude  more  rapid  than  observed  This  in  turn  led 
to  computation  of  lower  ozone  concentrations  than 
observed  in  the  upper  stratosphere  and  lower 
mesosphere. 

Theory  vs  Observation  Above  Ozone  Maximum 

Diilsch  and  (iinsburg  (1969)  and  Oiitsch  (1971) 
pointed  out  that  with  a pure  oxygen  atmosphere 
and  C hapman  chemistry,  -a[0,]/dz  is  determined  by 
the  temperature  dependence  (or  activation  energy) 
of  the  ratio  of  the  reaction  rate  k>  for  ozone  forma- 
tion (O  + Os  + M - O,  + M)  to  the  rate  k,  for 
ozone  destruction  (O  + Oj  * 2CM  and  the  tem- 
perature lapse  rate  in  the  stratosphere.  They  ob- 
tained the  best  fit  to  available  ozone  observations 
by  assuming  no  temperature  dependence  for  this 
ratio,  a surprising  result  since  1800  K (i.e.,  k;  ky  * 
eIS0°  was  ,},c  sm;i||cst  value  they  ever  found 
reported  from  laboratory  results  at  that  time.  (The 
currently  accepted  temperature  dependence  for  this 
ratio  ise  -r,°  r(Kampson  and  Ciarvin  1975).) 


While  the  introduction  of  hydrogen,  nitrogen, 
and  chlorine  chemistry  would  be  expected  to  have 
reduced  the  computed  ozone  mixing  ratio  at  the 
level  of  the  maximum  and  the  rate  of  decrease  with 
height  above  this  level,  the  above  discrepancy  with 
observation  appears  to  have  persisted  Including 
hydrogen  and  nitrogen  chemistry.  Kurzeja  11975) 
computed  up  to  25rr  higher  ozone  concentrations 
over  the  equator  at  35  to  45  km  than  observed.  Both 
the  ozone  excess  and  the  decrease  with  height. 
-a|Oy)/az,  were  greater  when  the  more  accurate 
fully  diurnal  integration  was  used.  Kurzeja  (1975) 
concluded  that  his  diurnally  computed  ozone  "ex- 
ceed[ed]  observed  values  by  amounts  too  large  to  be 
attributed  solely  to  observational  error."  The  ozone 
excess  above  26  km  amounted  to  as  much  as 
30  m-atm-cm  or  9 % of  the  ozone  column  density  . 
Both  I rederick  and  Hays  (1977)  and  L iu  and 
Cicerone  (1977)  state  that  some  recent  measure- 
ments indicate  two  to  three  times  more  ozone  in  the 
50-to-6()-km  region  than  computed  from  current 
models.  However,  they  disagree  on  the  situation  al 
40  km;  l-rederick  and  Hays  (1977)  appear  to  find 
agreement  between  computed  and  observed 
amounts  while  l.iu  and  Cicerone  (1977)  claim  that 
the  observed  ozone  concentration  exceeds  that  com- 
puted even  for  odd  chlorine  mixing  ratios  as  low  as 
2.3  ppb.  Both  sets  of  authors  suggested  that  the 
most  likely  source  of  these  discrepancies  was  in  our 
present  imperfect  understanding  of  ozone 
chemistry. 

Theory  vs  Observation  in  the  Troposphere 

The  most  obvious  and  most  discussed  disagree- 
ments between  our  current  understandings  of  ozone 
theory  and  observation  occur  with  respect  to 
tropospheric  ozone.  While  suggestions  that 
tropospheric  ozone  was  not  simply  a tracer  and  that 
photochemistry  might  be  important  to  tropospheric 
(nonurban)  levels  of  ozone  were  made  by  L renkiel 
(1955)  and  Ripperton  et  al.  (1971).  pioneer  develop- 
ment of  the  photochemistry  of  tropospheric  ozone 
and  particularly  of  the  methane  cycle  is  generally  at- 
tributed to  Crutzen  (1973)  and  Johnston  and 
Quitev  is  ( 1974).  Papers  by  Levy  ( 1972,  1973).  \\  ofsy 
et  al.  (1972).  and  Chameides  and  Walker  (1973, 
1976)  are  also  relevant. 

Crutzen "s  (1972.  1973)  early  work  in  this  area  led 
to  estimates  of  tropospheric  ozone  production 
which  exceeded  the  estimates  of  stratospheric  injec- 
tion and  boundary -layer  destruction  rates  of  (5.6 
± 1.8)  X 10  10  molecules  cm  '-s  (Labian  and 
Pruchniewicz  1977)  by  more  than  10-fold.  Crutzen 
(1973)  cautioned  against  accepting  his  results 
becaci*  of  their  apparent  conflict  with  the  obser- 
vational evidence.  Using  more  recent  reaction  rates 
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and  lower  concentrations  of  odd  nitrogen.  C'rut/en 
t 1974b)  calculated  net  tropospheric  (lowest  2 km) 
o/one  production  rates  of  (-1.2  to  +2  6)  X 10  11 
molecules  cm  “s  for  the  reaction  schemes  con- 
sidered W hile  inferring  that  tropospheric  o/one 
was  not  chemicall)  inert,  he  could  not  decide 
whether  there  is  net  destruction  or  production,  "due 
to  insufficient  knowledge  of  some  essential  chemical 
processes"  (C'rut/en  1974b).  In  a still  later  stud> 

I ishman  and  C'rut/en  ( 1976).  using  0.2  ppb  of  NO>, 
arrived  at  a net  o/one  column  production  rate  of  5 
X 10 10  molecules  cm  a rate  regarded  as 
■‘significant  compared  with  estimates  of  down- 
ward o/one  flux  from  the  stratosphere  and 
photochemical  column  destruction  rates."  They 
concluded  that  it  is  "difficult  to  explain  the  ob- 
served tropospheric  o/one  profiles"  and 
hypothesized  "therefore,  that  catalytic  o/one- 
produemg  mechanisms  are  operative  in  the 
troposphere  in  addition  to  those. ..considered"  or 
"that  the  rate  coefficients  which  govern  o/one 
production  are  substantially  larger  than  assumed." 

Johnston  and  Qtiiievis  ( I *474).  using  C'rut/en's 
(1973)  photochemistry,  determined  the  crossover 
altitude  as  13  km  at  which  the  "standard"  NO, 
profile  switches  from  net  destruction  of  o/one  in  the 
stratosphere  to  net  production  of  o/one  at  lower 
levels  via  the  "methane  smog  cycle."  Their  Fig.  13 
indicates  a net  o/one  column  production  below 
13  km  of  about  10  11  molecules  cm  - s Since  then 
the  crossover  altitude  for  NO,  net  production  of 
o/one  has  been  pushed  above  13  km  by  Midalgo 
and  C’rut/en  (1976),  Duewer  et  al.  (1976).  and 
Widhopf  ct  al.  (1977). 

From  their  calculations  Chameides  and  Walker 
(1973.  1976)  concluded  that  tropospheric  o/one  is 
near  a state  of  photochemical  equilibrium  (i.e..  not 
transport-dominated)  Serious  conflicts  between 
their  results  and  observational  data  were  cited  by 
I abian  (1974).  Chatfield  and  Harrison  (1976).  and 
Fabian  and  Pruchniewicz  (1977).  A reexamination 
of  the  tropospheric  ozone  budget  by  Chameides  and 
Stcdman  ( 1977).  in  the  light  of  revised  reaction  rates 
and  lower  observed  concentrations  of  odd  nitrogen, 
concluded  "that  at  mid-latitudes  photochemistry 
acts  primarily  as  an  o/one  sink." 

A recent  more  complete  tropospheric  model  by 
Stewart  et  al.  (1977).  using  more  recent  reaction 
rates,  obtained  results  differing  from  previous 
models  in  several  respects  One  of  their  more  in- 
teresting findings  was  that  o/one  did  not  increase 
monotomcally  with  NO,  bat  rather  exhibited  a 
maximum  for  |NO,|  * 0.5  ppb.  Although  they 
could  choose  an  NO,  concentration  that  would 
produce  an  o/one  level  near  that  observed,  over 


most  of  the  range  of  likely  NO,  amounts  the  com- 
puted o/one  concentration  was  much  less  than  that 
observed.  They  concluded  that  "photochemical  ac- 
tivity alone  cannot  account  for  observed  |tro- 
pospheric]  values  of  o/one  and  many  other  impor- 
tant species  " 

In  addition  to  the  dramatic  evolution  m model 
results  reviewed  above,  all  recent  investigators  have 
concluded  that  tropospheric  o/one  is  photo- 
chemically  active:  except  for  very  specific  profiles  of 
NO,,  they  compute  o/one  production  or  destruc- 
tion rales  which  exceed  or  are  a significant  fraction 
of  the  rates  (generally  considered  to  be  identical)  at 
which  o/one  enters  the  troposphere  from  the 
stratosphere  and  at  which  it  is  destroyed  at  the 
earth's  surface.  Thus,  unless  the  observational  data 
have  been  misinterpreted,  there  appear  to  be  serious 
errors  in  our  understanding  of  o/one  chemistry  in 
the  troposphere  It  appears  unlikely  that  correction 
of  such  errors  would  leave  our  computations  of 
stratospheric  o/one  unchanged. 

The  Importance  of  Transport 

Transport  has  long  been  recognized  to  be  the 
overriding  controlling  mechanism  for  many  types  of 
variations  revealed  by  the  o/one  data.  The  list  of 
variations  begun  by  Chamberlain  and  l.eovy  1 1975) 
has  been  expanded  upon  and  now  includes 

1.  Seasonal  variation.  Total  o/one  has  long  been 
known  to  have  a seasonal  variation  with  maxima 
occurring  in  w inter  to  spring  and  minima  in  summer 
to  fall  Photochemistry  alone  would  predict  a max- 
imum in  summer  and  a minimum  in  winter 

2.  Latitudinal  variation.  Minima  in  total  o/one 
occur  near  the  equator  and  maxima  occur  poleward 
of  55°  latitude. 

3.  Biennial  oscillation.  O/one  obseivations 
generally  reveal  an  oscillation  w ith  an  amplitude  of 
about  5%  which  in  low  latitudes  is  in  phase  with  the 
quasi-biennial  oscillation  in  the  50-mbar  zonal  wind 
over  Panama.  The  oscillation  shows  an  increasing 
phase  lag  with  latitude  but  little  change  in  the  per 
ventage  amplitudes  (Wilcox  el  al.  1977) 

4.  Day-to-day  local  variations.  Day-to-day  varia- 
tions of  total  o/one  correlated  with  the  passage  of 
synoptic  systems  have  long  been  recognized 

5.  Longitudinal  variations.  As  with  synoptic 
variations,  changes  in  vertical  motion  patterns  and 
heights  of  the  tropopause  induced  b\  the 
semistationary  long-wave  patterns  of  the  general 
circulation  are  accompanied  by  primarily 
longitudinal  variations  in  total  Oy.  In  addition, 
longitudinal  variations  in  total  o/one  in  the  tropics 
have  been  ascribed  to  large-scale  cells  of  ascending 
and  descending  motion  induced  by  continent  and 
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ocean  contrasts  in  surface  healing  and  topographic 
uplift. 

6 Northern  hemisphere  total  ozone  increase  of  5 
to  1 1 ri  from  1957  to  1970  Unless  this  change  can  be 
related  to  the  parallel  increase  in  stratospheric  water 
vapor  (Harries  1976).  this  increase,  which  is  ap- 
parently restricted  to  the  northern  hemisphere 
(I  ondon  and  Kelley  1974).  cannot  be  explained  by 
photochemistry  alone,  hllsaesser  ( 1976c)  proposed 
that  this  increase  was  due  to  a progressive  weaken- 
ing of  Hadley-cell-driven  exchange  between 
stratosphere  and  troposphere  evidenced  by  the 
weakening  and  virtual  disappearance  of  the  Junge 
layer  in  1971.  the  Sahelian  drought,  and  the  lower- 
ing and  warming  of  the  tropical  iropopause  re- 
ported by  Angell  and  korshover  (1974). 

7.  Hemispheric  variation.  Most  investigators 
have  concluded  that  mean  annual  total  Oy  is  less 
over  the  southern  hemisphere  than  over  the 
northern.  London  (1975),  for  the  period  July  1957 
to  June  1970.  reported  values  of  282  and 
292  m atm-cm,  respectively.  From  IRIS  data  for 
April  through  July  1969.  Lovill  (private  com- 
munication, 1977)  obtained  303  and  318 
m-alm-cm.  and  from  Nimbus  BIJV*  data  for  April 
1970  through  April  1971.  Heath  (1974)  reported 
mean  hemispheric  values  of  3 01  and 
314  nv  atm  -cm. 


Stratospheric  Odd-Nitrogen  Budgets 

Tables  21  and  22  summarize  a review  of 
stratospheric  odd-nitrogen  budgets  determined 
from  theoretical  work  and  from  observational  data. 
It  is  apparent  that  the  theoretical  work  reveals  an 
uncertain  consensus  that  N20  produces  approx- 
imately 80%  of  the  odd  nitrogen  in  the  stratosphere 
and  cosmic  rays  account  for  most  of  the  remainder. 
While  the  N20  production  rate  shows  a fairly 
strong  mode  near  9 X 10 7 molecules/cm  2 -s.  the 
range  is  20-fold,  extending  from  2 X 10 7 to  40 
X 10 7.  Additional  sources  that  have  been  proposed 
(other  than  cosmic  rays)  include: 

1 . Downward  transport  from  the  thermosphere, 
particularly  during  the  polar  night. 

2.  Oxidation  of  NH  v 

3.  Upward  transport  of  N02  from  the 
troposphere. 

4.  Other  hypothesized  but  unidentified  sources. 

On  the  other  hand,  estimates  of  odd-nitrogen 

turnover  rates  in  the  range  4.4-50  X 10 7 


*BUV  is  the  abbreviation  lor  the  hackstalter  ultraviolet  sensor 
carried  on  the  Nimbus  satellite 


molecules/cm --s  have  been  obtained  using  the 
same  types  of  vertical  transport  used  in  models  and 
basing  the  results  at  least  partially  on  observational 
data  such  as  the  stratospheric  profiles  of  HNO»  and 
NsO.  Only  estimates  made  using  stratospheric 
profiles  based  on  the  filter  collections  of  UNO*  by 
La/rus  and  Gandrud  (1974)  provide  numbers 
(4.4-12.4  X 1 0 7 ) close  to  the  mode  of  the 
theoretical  estimates  (II  X 10  7).  All  other  estimates 
derived  from  observed  profiles  of  UNO,  and  NsO 
are  2-to-5-fold  larger  than  the  theoretical  estimates. 
Since  there  are  reasons  to  believe  that  the  (liter 
collections  by  Lazrus  and  Gandrud  (1974)  are  un- 
derestimates. this  seems  to  suggest  rather  strongly 
that  current  models  are  underestimating  the  odd- 
nitrogen  budget  of  the  stratosphere.  This  is  a con- 
clusion also  reached  bv  Ackerman  (1975)  and 
COM  FISA  (1975). 


2.13  Effect  of  Receiver 
Orientation  on  Erythema  Dose 

Because  reductions  in  total  ozone  would  permit 
greater  amounts  of  ultraviolet  (uv)  radiation  to 
reach  the  surface  of  the  earth  (Cutchis  1974. 
Halpern  et  al.  1974).  a number  of  studies  have  been 
performed  with  the  goal  of  assessing  biological  sen- 
sitivity to  ozone-induced  changes  in  uv  radiation 
(National  Research  Council  1973).  One  branch  of 
these  studies  has  been  concerned  with  the  impact  of 
increased  uv  radiation  on  human  beings,  the  prin- 
cipal effects  being  increased  occurrence  of  skin  can- 
cer (Urbach  1969.  Giese  1968)  and  increased 
vitamin  D production  (Leach  et  al.  1976).  One  ap- 
proach has  been  to  correlate  skin  cancer  incidence 
data  directly  with  ozone  layer  thickness.  The  possi- 
ble influence  of  such  factors  as  duration  of  sunlight, 
clothing  and  exposure  habits,  and  optical  path 
length  have  been  considered  (McDonald  1971.  van 
der  Leun  and  Daniels  1975).  Another  approach  has 
been  to  explicitly  consider  the  dose  of  uv  radiation 
received  as  a function  of  ozone  amount  and  other 
climatic  variables  (Green  and  Mo  1975).  The  radia- 
tion dose  is  then  related  to  cancer  incidence  after 
weighting  by  a wavelength-dependent  function  ac- 
counting for  variation  in  radiation  efficacy.  This 
second  approach,  though  less  direct,  is  appealing 
because  the  mechanism  of  cancer  production  is 
more  fully  represented  in  it.  and  it  allows  for  ex- 
perimentation with  combinations  of  independent 
variables  outside  the  rather  narrow  range  of  reliable 
observation. 

As  the  first  step  in  this  approach.  Green  and  co- 
workers developed  a semiempirical  model  for 
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KcItiivtxOx  vlevlMH 

prvvtptlattou  « K 1 »M 
hfvniuitiMiing 

Thtinw  (I<i77) 

0.075 

1.8 

t olunittat  ptodiniutn  |pxcn 
ax  .1  \ 10°  ciu  • ’ x 
"tvptcaltx  tiaxiu)2  a tluiatuii 
of  a foxx  houis,"  .ihiHil 
half  in  xitatoxplioix' 

would  normally  he  in  a nonhon/onial  position  In 
fact,  the  horizontal  projection  of  an  upright  person 
amounts  to  only  a lew  percent  of  total  surface  area 
(l  unger  147(1).  I his  suggests  that  receiver  orienta- 
tion should  he  considered  in  the  study  of  u\  doses 
The  effect  of  receiver  orientation  on  incident 
solar  radiation  ts  routinely  included  in  studies  of 
building  heating  load  teg,  Kasuda  1^7 1 y und 
human  comfort  (Morgan  1472,  Hurt  |47m  Orient, i 
lion  has  also  hcen  investigated  directly  in  connec 
tion  with  south-facing  plane  areas  (Dave  et  al  |47S) 
and  human  beings  (lerjung  and  I ouic  I47in  using 
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calculating  uv  radiation  at  the  surface  of  the  earth  in 
the  spectral  region  280-340  tint  (Green  et  al 
1474a. h.  Mo  and  Green  1474),  They  have  calculated 
erythema  (sunburn)  dose  as  a function  of  total 
ozone,  solar  zenith  angle,  latitude,  season,  and 
cloud  amount  I heir  model  was  also  used  in  the 
t lunatic  Impact  Assessment  Program's  analysis  of 
ozone  depletion  (Green  et  al  1475), 

One  feature  of  this  model,  and  of  uv  dosimetry  in 
general  (Herger  et  al  1475),  is  that  the  receiver  is 
assumed  to  be  horizontal  I he  geometry  of  humans, 
however,  is  such  that  the  majority  of  exposed  skin 


H 1 

I'iibU-  22  Available  estimates  of  continuous  natural  stratospheric  sources  and  sinks  of  odd  nitrogen  <10  molecules  cm**s 
averaged  over  die  globe  unless  otherwise  staled).  Positive  numbers  imply  sources;  negative  numbers,  sinks. 

Source  or  sink 

Reference 

Magnitude 

Remarks 

Oxidation  of  NjO  by  Ot 1 0)  in 
the  stratosphere 

Crut/en  (1971) 

0.29  I.S 

Pet  Johnston  (1972).  not  stated  in 
report. 

Mcllroy  and  McConnell 
(1971) 

0.2.  0.24,  0.63 

Tropopauvc  values  (15  km)  read  from 
(heir  Fig.  Ih.  Abstract  cites  -0.2. 

Due  to  different  diffusion  profiles. 

Nicolet  and  Peetemtans 
(1972) 

0.5  2.5 

Reported  as  1.5  ■ 1.  Due  to 
different  diffusion  and  (HU))  profiles 
and  rcnitli  angles. 

Isaksen  (1973a) 

Isakscn  (1973b) 

0.7,  1.0,  |.4 

1.2 

Winter,  annual,  and  summer  averages 
computed  from  his  Fig.  4.  Quoted 
by  Johnston  (1974a)  as  0.8  1.0. 

Brasseur  and  Cicslik 
(1973) 

I.S,  4.0 

Integrals  computed  from  their 

Fig.  6 for  two  different  diffusion 
profiles. 

McConnell  and  McKIroy 
(1973) 

0.3,  0.9 

For  two  different  diffusion  profiles. 

McConnell  (1973) 

0.3,  0.9 

Integrals  computed  from  his  Fig.  4 
for  two  different  diffusion  profiles. 

Brasseur  and  Nicolet 
(1973) 

0.S,  0.9.  1.4, 

1.9 

Integrals  computed  from  their 
f able  1.  Due  to  different  diffusion 
and  t)( 1 D)  profiles. 

McF.lroy  e)  al.  (1974) 

0.819,  0.889 

Due  to  reduced  and  normal  Oy 
profiles. 

Johns(on  (1974b) 

~1 

Based  on  first  three  estimates  above. 

Cnitzen  el  al.  (1975) 

0.25-2.5 

Cited  as  lange  of  first  four 
estimates  above. 

Ducwcr  et  al.  (1976) 

0.64  , 0.98.  1.00, 
1.53 

Models  R,  A.  A and  C.  and  C 
respectively.  Due  partly  to  rate  few 
N;<)  ♦ <>( ID)  reaction. 

Ducwcr  (1976) 

0.92 

Current  l.LI.  I-D  model  with  new 
Chang  K,  profile  and  20'.?  increase 
in  0(1  D)  quenching  rate. 

Schmeltekopf  cl  al. 

(1977a) 

4.5 

Observed  NjO  profiles  and 

Crut/cn's  (1973)  2-D  model. 

Schmcltckopf  et  al. 

(1977b) 

S.l 

Observed  N j()  profiles  and 

CruUcn's  (19731  2-D  model. 

Oxidation  of  Nil, 

McConnell  and  Mcl  lroy 
(1973) 

-0.9,  -0.5.  1.0 

Source  considered  more  likely  . 

McConnell  (1973) 

-0.6.  0.6 

— 

McKIroy  et  al.  (1974) 

2.0 

Integral  computed  from  their  Fig.  1 1 . 

Flux  dmiu^i  stratopauac 

Crutzen  (1971) 

1.0 

Tested  in  model. 

Nicolet  and  Pee  term  an  s 
(1972) 

0.5 

For  8 X 1 08  cm ' (40  ppb)  of  NO 
at  80  km  and  maximum  diffusion. 

McConnell  and  McKIroy 
(1973) 

0.15 

Prescribed  to  model  the  possibility 
of  significant  high-latitude  winter 
transport. 

McConnell  and  McKIroy 
(1973) 

-0.4.  -0.2 

I'pward  duxes  al  50  km  fnvm  their 
Fig.  II. 

Brasaeur  and  Nicolet 
(1973) 

-0.1  to  -0.02 

Peak  upward  duxes  on  their 

Fig.  24. 

iu 
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Table  22.  (continued) 


Source  or  sink 

Reference 

Magnitude 

Remarks 

Flux  through  stratopausc  (contd.) 

Crutzen  (1974a) 

>0 

Obtained  from  diffusion  profile  of 
Wofsy  and  McElroy  (1973). 

Hesstvedt  (1974) 

>0 

Downward-directed  gradient  in  NOv 
in  high  latitudes  in  winter. 

Johnston  (1974b) 

-0.1 

Provided  it  is  a source  at  all. 

Nicolet  (1975b) 

0 

— 

Duewer  et  al.  (1976) 

-0.23 

Model-computed  photodissociation  of 
NO  in  upper  stratosphere. 

Zinn  and  Sutherland 
(1975) 

<0 

Upward  gradient  in  model-computed 
mixing  ratio  at  slralopause. 

Flux  through  tropopause 

Lazrus  and  Gandrud 
(1974) 

-1.24  to  -0.44 

As  HNO3,  based  on  measured  HNO3 
and  Krey  and  Krajcwski's  (1970) 
model. 

Ackerman  (1975) 

-0.8.  -3.  -S 

As  HNO3;  larger  values  would 
require  NO  source  in  addition  to 

n2o. 

Ackerman  (1975) 

>0 

As  NOj,  particularly  in  summer. 

Galactic  cosmic  rays  (GCRs) 

Nicolet  (1975a) 

0.16,  0.24 

Global  mean  solar  cycle  min  and 
max,  from  integrals  of  his  Fig.  10. 

Net  of  all  sources 

Johnston  (1974b) 

1.0- 2.0 

Given  as  net  effect  of  all  natural 

sources. 

the  entire  solar  spectrum.  The  purpose  of  this  work 
is  to  determine  the  significance  of  receiver  orienta- 
tion in  the  wavelength  region  responsible  for  sun- 
burn and  skin  cancer.  The  effects  on  erythema  dose 
are  considered  for  different  latitudes  and  seasons, 
and  variations  in  total  ozone  and  the  erythema 
weighting  curve  are  also  included. 

The  procedure  employed  here  involves  using  the 
Green  model  (Green  et  al.  1974a)  to  obtain  total  uv 
radiation  (Qh  + qh)  as  a function  of  wavelength  A 
and  solar  zenith  angle  II.  Valid  for  clear  sky  condi- 
tions. it  is  essentially  a Beer-Bouguer  formulation 
for  both  direct  beam  (Qh)  and  diffuse  (qh)  radiation. 
The  latter  is  assumed  to  be  isotropically  distributed. 
These  fluxes  are  determined  using  the  relationships 

Qh(0.A)  = H(A)  V2  exp[-At(0.X)I  cos  0 (13-1) 


distance  to  the  earth-sun  distance  on  a particular 
day.  It  thus  allows  for  eccentricity  in  the  earth's  or- 
bit. which  causes  variations  in  the  extraterrestrial 
flux  of  about  ±3.5%. 

The  terms  A,  and  D,  are  optical  thickness  func- 
tions accounting  for  the  presence  of  ozone  (oz).  air 
(a),  and  particulate  matter  (p):  they  are  given  by 
Green  et  al.  (1974a): 

A((0.X)  = woj,ko/  exp[-  (X  - X(,)/d|  seq(0.>()/) 


$eq(0.y.,)  + 


scq(0.yp) 


(13-3) 


and 


and 

q„(0.A)  = H(X)  V2  exp|-Dt(0.X)]  . (13-2) 

where  H(A)  is  the  extraterrestrial  solar  irradiance  at 
the  mean  earth-sun  distance  (taken  from  Howard  et 
al.  I960).  The  symbol  V.  which  does  not  appear  in 
the  Green  model,  is  the  ratio  of  the  mean  earth-sun 


D,(0.X)  = Ko?  seq(0,q,) 

{ (x  - y ^ 

+ K_ip  seq(0.  q,)  . (13-4) 
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w here 

spc*"‘  * ('  - fu?) 

and 


seq(0.y ) 


sur0 

9 


q * [1  ♦ (y/R)|“  . 

( 13-6) 


Values  for  ihe  parameters  appearing  in  (13-3) 
through  (13-6)  are  the  same  as  those  published  in 
the  study  by  Green  ct  al.  (1974a).  I or  the  spectral 
region  considered  here,  the  total  o/one  optical 
depth  w0/  is  of  special  interest. 

To  calculate  the  direct-beam  radiation  incident 
on  an  inclined  surface  Qp.  it  is  necessary  to  replace  0 
in  Fq  (13-1)  with  the  angle  between  the  position  of 
the  sun  and  a line  normal  to  the  surface  (i): 


Qp(0.X)  * H(X)  V-  exp(-A,(0.X)|  cos  i . (13-7) 

where 

cos  i = civs  a cos  0 + sin  a sin  0 cos  fa  - a")  . 

(13-8) 


Mere  a’  is  the  solar  a/imuth  (relative  to  north),  a is 
the  a/imuth  of  the  receiver,  and  a is  the  angle  of  the 
receiver's  inclination  (relative  to  horizontal)  For  a 
horizontal  receiver,  a = 0.  Equations  required  to 
find  0 and  a*  as  a function  of  latitude,  season,  and 
time  of  day  may  be  found  in  Dave  et  al.  (1970), 
Sellers  ( 1965).  or  the  Smithsonian  Meteorological 
Tables  (l  ist  1958).  The  last  reference  also  contains 
tabulated  values  of  V. 

Diffuse  radiation  incident  on  an  inclined  surface 
has  two  components:  that  arriving  from  the  sky  as 
scattered  radiation.  q„,  and  that  reflected  from  the 
surface.  qg.  I'nder  the  assumption  of  isotropic 
reflection  and  the  earlier  assumption  of  isotropic  at- 
mospheric scattering,  these  quantities  ure  given  by 
(Dave  et  al.  1970): 

qs(0,X)  - v qh(0.XXI  ♦ cos  a)  (13-9) 
and 

q„(«X>  - V IQX(*  X)  ♦ qh(0.X)l 

Xll  -cos  a).  (13-10) 


The  ground  reflectivity  r is  small  for  surfaces  other 
than  snow  and  ice  at  u\  wavelengths  (Kondratyev 
1973)  A value  of  0.1  was  chosen  here  for  r 
The  sum  Qp  + qy  + qj,  represents  the  total  radia- 
tion incident  per  unit  area  on  a plane  inclined  at  an 
angle  o and  with  azimuth  a Because  radiation  is  not 
equally  efficient  at  all  wavelengths  in  producing  a 
biologic  response,  one  cannot  integrate  incident 
radiation  directly  over  wavelength  and  obtain  a 
meaningful  measure  of  skin  tissue  insult  One  must 
know  the  relative  response  of  skin  to  us  radiation  as 
a function  of  w av  elength  In  the  case  of  sunburn  the 
so-called  action  spectrum  (or  erythema  efficiency) 
has  been  studied  using  uv  lamps  (e  g . Cohlentz  and 
Stair  1934.  Magnus  1964,  (,'ripps  and  Ramsav  |97()) 
and  can  be  represented  by  (Green  et  al  I9'4b) 


r.  /> 

[4  exp(- 

3.2i  )\ 

x [’  ♦ cxp(XT:~r)]  HWD 

The  action  spectrum  for  skin  cancer  in  humans  is 
not  known:  it  is  usually  assumed  to  be  the  same  as 
for  erythema  or  similar  to  the  DNA  action  spec- 
trum (Setlow  1974). 

Equations  (13-8)  through  (13-11)  may  be  used  to 
calculate  the  instantaneous  erythema  dose  for  any 
time  of  day,  date,  latitude,  ozone  amount,  and 
receiver  position.  In  analyzing  the  effects  of  receiver 
orientation,  we  have  numerically  integrated  over 
wavelength  and  time  to  produce  daily  erythema 
doses  for  northern  hemisphere  latitudes,  assuming 
the  receiver  is  stationary.  Integrations  were  per- 
formed for  the  15th  day  of  each  month  using  a time 
step  of  approximately  20  minutes  The  total  ozone 
was  specified  as  a function  of  latitude  for  each 
month  based  on  data  front  the  Nimbus  3 satellite 
reported  by  l ov  ill  (1972).  Ozone  reductions  of  10 
and  2CV  were  also  considered  in  the  calculations 

To  estimate  the  average  dose  for  a population 
where  there  is  random  orientation  (i.c.,  no  preferred 
orientation),  we  made  calculations  while  allowing 
the  receiver  to  rotate  360°  at  each  time  step  Doses 
were  computed  at  20°  intervals  in  the  azimuth 
angle,  and  the  average  of  these  was  used  for  integra- 
tion The  inclination  angle  o was  held  fixed  at 
values  of  0,  45.  and  90  degrees 

Figure  58  shows  the  daily  total  erythema  dose  for 
a rotated  surface  as  a function  of  latitude  for  dif- 
ferent ozone  amounts  and  receiver  inclinations  for 
the  15th  days  of  June,  September,  and  December 
Follow  ing  the  seasonal  migration  of  solar  declina- 
tion. the  peak  daily  erythema  dose  occurs  in  the 
latitude  region  30-45° N in  June  and  moves 
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southward  to  0-20°N  in  September  and  to  the 
southern  hemisphere  in  December 

I he  relationship  between  dose  magnitude  and  in- 
clination is  such  that  inclined  surfaces  generally 
receive  less  daily  integrated  dose  than  a horizontal 
surface  at  the  same  latitude  Inceptions  to  this  oc- 
cur in  some  low  sun  situations  (large  H)  where  the 
dose  on  the  inclined  surface  (e  g .,  o = 45°)  slightly 
exceeds  that  on  ihe  horizontal  surface.  This  result  is 
in  contrast  to  the  study  of  Dave  et  al  (1970)  using 
the  lull  solar  spectrum  where  radiation  on  south- 
lacing  surfaces  was  shown  to  grow  larger  than  that 
received  by  a horizontal  surface  near  the  poles  At 
ihe  wavelengths  contributing  to  erythema,  the 
radiation  is  predominantly  diffuse.  Consequently, 
the  angle  of  incidence  does  not  exert  as  strong  an  in- 
fluence as  it  would  when  the  radiation  is 
predominantly  in  the  direct  beam.  For  the  isotropic 
model  used  here,  (he  diffuse  radiation  flux  incident 
on  an  inclined  surface  decreases  with  increasing 
angle  of  inclination  (Iq  (13-9))  because  as  <»  in- 
creases less  sky  is  \ isihle  to  the  inclined  surface  (e  g . 
the  ratio  is  I 2 for  <«  = 90°) 

I igure  58  also  indicates  that  daily  ery  thema  dose 
does  not  change  uniformly  with  inclination  angle. 
For  example,  at  middle  latitudes  (30-50°N)  for « = 
45°.  the  daily  ery  thema  dose  ranges  from  75  to  8(Fi 
of  the  dose  received  by  a horizontal  surface 
depending  upon  month  and  latitude.  For  a vertical 
surface  (u  - 90°).  the  daily  cry  thema  dose  ranges 
from  25  to  50<'!  of  the  dose  received  by  a horizontal 
surface 

\ ari.uions  in  <•  also  affect  the  latitudinal  gradient 
of  erythema  dose.  In  June  the  largest  changes  in  the 
latitudinal  gradient  occur  at  middle  and  low 
latitudes  (I  ig  58a).  with  the  smallest  changes  oc- 
curring poleward  of  60°N.  Increasing  .»  decreases 
the  latitudinal  gradient  poleward  of  the  peak  dose 
In  September  the  latitudinal  gradient  is  almost  un- 
changed at  latitudes  poleward  of  50°N  for  <«  < 45°. 
but  the  gradient  is  reduced  by  approximately  a fac- 
tor of  2 for  n * 90°  In  December  the  latitudinal 
gradient  is  reduced  only  slightly  for  o < 45°  in 
northern  latitudes 

Figure  59  shows  the  percent  change  in  erythema 
dose  as  a function  of  latitude  for  the  rotated  surface 
lor  reductions  in  total  ozone  of  10  and  20A  The 
maximum  percent  increase  in  daily  erythema  dose 
due  to  ozone  reduction  occurs  at  high  latitudes 
where  the  average  solar  zenith  angle  is  largest  The 
amplification  factor  on  erythema  dose  (Adosc  AO>) 
ranges  front  about  I 4 at  low  latitudes  to  over  3 at 
high  latitudes  (where  the  dose  is  small),  the  max- 
imum value  depending  on  season  Increasing  o 
decreases  the  amplification  factor  at  middle  and  low 


Latitude  - degrees  north 


I 'X  Dalis  tool  erythema  dose  In  tbe  northern  tH  imsfkm 
to*  * rotated  surface  ml  Jimr  IS.  ibi  September  IS.  iv>  Decent, 
ber  IS. 
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Change  in  daily  erythema  dose 


latitudes  This  occurs  because  a change  in  ozone 
amount  changes  the  partitioning  of  energ)  between 
the  direct  and  dilTuse  flux  components  (see  Lqs.  (13- 
3)  and  (13-4)).  In  order  for  a change  in  partitioning 
to  have  an  effect  on  the  amplification  factor,  the 
direct  and  diffuse  components  must  be  roughly 
comparable  in  magnitude,  which  is  only  true  for 
small  zenith  angles.  Consequently,  the  greatest 
variation  in  amplification  factor  occurs  at  the 
latitude  corresponding  to  solar  declination. 

As  mentioned  earlier,  the  action  spectrum  for 
skin  cancer  is  an  unknown  function.  However,  van 
der  l.eun  and  Daniels  ( I *>75)  argue  that  the  peak  in 
the  action  spectrum  should  occur  near  270  nm.  This 
is  shilled  considerably  in  wavelength  from  the  loca- 
tion of  the  peak  in  the  erythema  action  spectrum 
described  by  Lq.  (13-11).  which  occurs  at  297  nm. 
In  order  to  lest  the  sensitivity  of  dose  to  action  spec- 
trum position,  the  above  calculations  were  repeated 


substituting  270  nm  for  297  nm  in  Lq  (13-11) 
Aside  from  the  expected  decrease  in  dose 
magnitude,  very  little  changed  from  the  results  ob- 
tained above.  An  important  exception  concerns  the 
fractional  change  in  dose  produced  by  changing 
ozone  amount,  which  is  shown  in  Fig.  60  Dose  am- 
plification factors  are  significantly  higher  at  middle 
and  low  latitudes  where  the  dose  is  already  highest 
for  the  action  spectrum  centered  at  the  shorter 
wavelength.  The  minimum  amplification  factor  is 
now  about  2.0  compared  with  1.4  for  the  results 
shown  in  Fig.  59.  The  reason  for  this  increase  is 
related  to  the  ozone  absorption  cross  section,  which 
in  the  region  near  300  nm  is  a rapidly  decreasing 
function  of  wavelength.  Shifting  the  action  spec- 
trum to  shorter  wavelengths,  where  the  uv  (luxes  are 
more  sensitive  to  variations  in  ozone  amount,  leads 
to  larger  amplification  factors. 
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3.  SATELLITE  OZONE  DATA:  PROCESSING,  ARCHIVING,  AND 

ANALYSIS 


3.1  Overview  The  Satellite  O/one  Analysis  Center  (SO  \(  ) ui 

l awrence  Livermore  l aboratory  was  formed  m 
Mmosphcric  total  ozone  has  considerable  tern-  \ugust  I *>7<s.  Its  purpose  is  to  produce  total  o/one 

poral  variability  over  a wide  variety  of  geographical  data  of  high  quality  from  measurement'  taken  b\ 

scales  ranging  from  as  large  as  the  planetary  scale  to  the  unique  cross- track -sea lining  Ml  K sensor  This 

as  small  as  the  mcsoscalc  (see  e g Bojkov  and  Lovill  sensor  permits  areas  as  small  as  '0  km  in  diameter 

1969.  Dobson  et  al.  1927,  Diitsch  1969.  Heath  1974.  to  he  resolved  for  the  first  time  with  pole  to-polc 

London  1963.  Lovill  1969.  1970.  Lovill  and  Miller  coverage  (Lovill  el  al.  1976).  The  increased  data  r.o*- 

1968.  Miller  el  al.  1976.  Pittock  1971.  and  Kcinking  of  this  sensor  enables  20  to  30  times  as  much  o/one 

and  Lovill  1971).  These  variations  are  postulated  to  data  to  be  obtained  per  day  as  was  of  ained  b\ 

be  produced  by  a number  of  external  as  well  as  in-  earlier  satellite  sensors.  The  initial  SOAl  -ITort  is 

lernal  forcing  functions  The  effect  of  external  directed  toward  an  analysis  of  the  feasibility  of  ob 

mechanisms  (such  as  sunspot  intensity,  solar  proton  taming  useful  data  from  the  MLR  o/one  sc  isot 

events,  and  solar  sector  crossings)  and  internal  This  feasibility  study  is  scheduled  for  completion  by 

mechanisms  (for  example.  CL  Ms.  aircraft  effluents.  June  1978. 

volcanic  diluents,  and  transport  phenomena)  are  The  feasibility  study  will  include  a demonstration 

not  well  undeistood  presently,  due  principally  to  the  of  the  data-con  version  technique,  which  is  now  be 

small  total-o/onc  data  set  available  since  the  es-  mg  developed,  and  an  assessment  of  the  quality  of 

tablishment  of  the  world  total  o/one  surface  the  o/one  data  that  results.  To  assess  the  quality  of 

network  of  Dobson  observatories  two  decades  ago  this  satellite  o/one  data,  we  will  compare  it  in  detail 
This  surface  network  consists  of  fewer  than  100  with  corresponding  Dobson  o/one  data  W e will 

presently  active  total-ozone  observatories,  prin-  also  analyze  the  satellite  o/one  data  to  determine  if 

cipally  located  in  the  northern  hemisphere  and  on  it  can  be  assimilated  with  other  atmospheric  data 

land  masses.  Clearly  large  voids  remain  in  this  for  a more  complete  understanding  of  the  at 

"Dobson  data"  network  over  oceanic  areas  and  in  mospheric  general  circulation  and  the  delineation  of 

the  southern  hemisphere.  anthropogenic  and  nonanthropogenic  perturha- 

The  advent  of  the  meteorological  satellite  sensor  lions  in  the  earth's  atmosphere, 
in  the  early  1960s  brought  to  the  atmospheric  Data  analysis  beyond  the  feasibility  study  will  be 

sciences  the  first  satellite  o/one  measurements  in  needed  to  show  to  what  extent  the  SOAC  MLR 

1969  The  measurements  were  taken  by  the  Nimbus  o/one  sensor  data  are  of  use  in  (I)  initializing 

3 and  4 spacecrafts'  Infrared  Interferometer  Spec-  numerical  models.  (2)  long-term  monitoring  of 

trometer  (IRIS)  and  Backscattcr  Ultraviolet  (BUN  ) global  total  o/one  for  trend  analysis.  (3)  analysis  of 
sensors.  Two  years'  worth  of  data  taken  by  these  o/one  variation  al  the  meso-scale  (which  may  be 

sensors  has  been  processed  at  the  present  time  possible  with  the  higher  resolution  of  the  MLR  sen- 

(Healh  1974.  Lovill  1974.  Prabhakara  et  al.  1971)  sor).  (4)  analysis  of  the  diurnal  variability  of  total 

The  satellite  IRIS  sensor  provided  approximately  30  o/one  (with  a two-satellite  o/one  sensor  system), 

times  as  many  total  o/one  observations  in  a day  as  and  (5)  integrating  with  studies  under  way  by  the 

the  entire  surface  network  could  produce  in  the  World  Meteorological  Organization's  Global 

same  lime  period.  Moreover,  the  satellite  data  had  O/one  Monitoring  and  Research  Project  (GORMP) 

none  ol  the  regional  bias  inherent  in  the  surface  and  the  United  Nations  Lnvironmental  Program's 

network  data  (Reiter  and  Lovill  1974)  The  analysis  Global  Lnvironmental  Monitoring  (GLM). 

of  this  satellite  o/one  data  has  given  additional  in-  The  Defense  Meteorological  Satellite  Program 

sight  into  the  external  and  internal  mechanisms  (DMSP)  spacecraft  with  the  MI  R sensors  are 
mentioned  earlier.  designed  to  provide  water-vapor  and  temperature 

A new  series  of  meteorological  satellite  sensors  information  to  the  Air  l orce  Global  W eather  Cen- 

with  o/onc  measurement  capability  was  authorized  tral  (ALGWC)  for  operational  DOD  mete- 

for  deployment  in  1976  by  the  Department  of  orological  commitments.  Alter  a storage  period  of 

Defense  The  first  of  these  sensors  (termed  a Mul-  less  than  24  hours,  these  data  arc  overwritten  in  the 

lifiltcr  Radiometer  (MLR))  was  launched  in  Sep-  ALGW'C  data-base  system  by  new  data,  and  the  old 

tember  1976  and  began  transmission  of  mete-  data  would  be  lost  if  they  were  not  archived  by 

orological  data  in  March  1977.  SOAC. 


. 
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A memorandum  of  agreement  was  signed  in  1976 
between  I aw  rente  Livermore  Laboratory  and  the 
Department  of  Commerce's  Environmental  Data 
Service.  Under  this  agreement  the  U S.  Air  force 
will  furnish  all  available  MFR  data  to  SOAC.  The 
data  provided  will  be  raw  spectral  radiance  values 
with  time  and  location  identification.  In  addition  to 
converting  this  raw  data  to  o/one  data.  SOAC  will 
also  transmit  the  unchanged  raw  data  to  the 
National  Climatic  Center  where  it  will  be  archived. 
From  the  derived  o/one  data  SOAC  will  produce 
daily  global  total-ozone  maps  for  the  \ir  Force  and 
NOAA. 

The  ultimate  use  of  the  data  is  to  permit  the 
national  and  international  scientific  communities  to 
perform  research  directed  toward  a more  complete 
understanding  of  the  variability  of  the  ozonosphere. 
The  SOAC  study  contributes  to  this  end  by  the  in- 
tegration of  several  tasks,  described  separately  in 
the  following  sections.  The  SOAC  operational  plan, 
which  describes  the  data  flow  beginning  with  the  in- 
itial satellite  sensor  observation  and  terminating 
with  the  data  dissemination  and  research  objectives, 
is  indicated  in  Fig  61. 


3.2  The  Satellite  Multifilter 
Radiometer  (\1FR)  Sensor 

SOAC  receives  spectral  radiance  data  from  the 
MI  R sensors  via  a communication  link  ihat  allows 
the  satellite  data  to  be  telemetered  to  earth  stations 
in  the  United  Stales  and  then  retransmitted  to  a 
telecommunication  geosynchronous  satellite,  which 
in  turn  transmits  to  the  \ir  Force  Global  Weather 
C entral  in  Omaha.  Nebraska.  These  data  are  then 
mailed  to  SOAC  (Fig  61)  on  magnetic  tape. 

The  cross-track -scanning  MIR  returns  16  spec- 
tral radiance  values,  one  radiance  is  located  at 
9 S pm  for  ozone  absorption,  six  are  located  in  the 
1 3-to-l 5-pm  COs  band  (selected  for  vertical  tem- 
perature structure  delineation),  eight  are  located 
between  18  and  29  pm  (selected  for  vertical  and 
total  water-vapor  distribution),  and  one  channel  is 
at  12  pm  for  determination  of  the  surface  radiance. 
The  channel  spectral  centers,  widths,  and  noise 
equivalences  are  indicated  in  Table  23.  Note  that 
the  noise-equivalent  spectral  radiance  (NF.SR)  for 
the  9.8-pm  ozone  measurement  is  only  0.05 
erg  sec  cm  ’-sr  em'1  (Nichols  1975). 


Satellite 

sensor 


Satellite  Ozone 
Analysis  Center 
(SOAC) 


Technical  Planning  and  coordination 


lifiirr  f>l  Opr  rational  diagram  for  thr  Salrllitr  O/ont  Aaalvsh  ( rntfr  (SOAC 
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Table  _V  The  c rots- track-scanning  MCR  sensor  provides  16  channels  of  spectral  radiance  data:  one  channel  for  o/one  (O,) 
at  9.8  urn,  one  channel  for  the  window  at  12.0  nm,  six  COj  channels  at  13.4  to  15.0  » m for  delineation  of  the  vertical 
temperature  structure,  and  eight  water-vapor  channels  at  18.7  to  28.3  um.  Tabulated  below  are  the  spectral  centers,  widths, 
and  noise-equivalent  spectral  radiances  (NKSRs)  for  the  16  data  channels. 


Channel 

No. 

Species 

detected 

Spectral 

center 

Spectral 
width  (cm-1) 

NKSR 

(I0-7  W cm*  - M-  cm" 1 ) 

tom) 

(cm-1) 

1 

9.8 

1022 

12.5 

0.05 

2 

(Window ) 

12.0 

835 

8 

0.1 1 

3 

CO, 

13.4 

747 

10 

0.12 

4 

CO, 

13.8 

725 

10 

0.1 1 

5 

COj 

14.1 

708 

10 

0.1 1 

6 

CO, 

14.4 

695 

10 

0.10 

7 

CO, 

14.8 

676 

10 

0.09 

8 

COj 

15.0 

668.5 

3.5 

0.30 

<» 

11,0 

18.7 

535;’ 

16 

0.15 

10 

11,0 

24.5 

408.5 

12 

0.14 

II 

H,0 

22.7 

441.5 

18 

0.09 

12 

HjO 

23.9 

420 

20 

0.12 

13 

HO 

26.7 

374 

12 

0.18 

14 

«> 

25.2 

397.5 

10 

0.16 

15 

HjO 

28.2 

35S 

IS 

0.25 

16 

HjO 

28.3 

353.5 

II 

0.33 

I his  chain  el  is  not  on  the  II  MIR  sensor. 


ter  earth  resolution  by  factors  of  .V8  and  2 4.  respec- 
tive!}. than  given  by  the  IRIS  sensors  on  Nimbus  3 
and  4.  The  instrument  data  return  of  67.500  o/one 
values  per  da>  is  20-30  limes  that  of  any  previous 
ozone  sensor. 

The  first  of  the  new  series  of  Air  Force 
meteoro’ogical  satellite  sensors  was  placed  into  an 
835-km-altitude  polar  orbit  on  September  10.  1976 
The  satellite  flight  model  I (FI)  was  delayed  from 
its  originally  scheduled  launch  date  until  difficulties 


The  AFGWC  provides  the  16-channel  digitized, 
calibrated,  and  earth-located  data  tn  an  erght- 
computer-word  (36  bits  per  word)  packet  for  each 
sensor  sample  point.  There  are  25  sample  points  per 
cross-track  scan.  190  cross-track  scans  per  orbit, 
and  14  4 orbits  per  day.  giving  a total  of  67.500 
ozone,  temperature,  and  water-vapor  measurements 
each  day.  The  scan  geometry  of  the  sensor  is  given 
in  f ig.  62  (Nichols  1975).  At  the  suborbit  point  note 
that  the  field  of  view  resolved  is  39.3  km.  This  is  bet- 
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I >*"'<■ Scan  geo  met  rv  for  th«  multifllter  radiometer  iMKRi  cross-track -scanning  sensor  used  to  obtain  the  satellite  data  from  which 
SOAf  will  derive  global  oione  data.  Ijtrth  projection  of  the  scan  is  shown  i K.O.V.  means  field  of  view  i.  All  dimensions  are  in  kilometres 
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with  the  on-board  computer  and  upper  stage  were 
alleviated  Prelaunch  solar  panel  abnormalities  dur- 
ing vibrational  testing  produced  additional  delay. 
The  I I vehicle  achieved  the  predicted  near-noon 
ascending  orbit  on  September  10.  but  due  to 
malfunction  of  an  attitude-control  gas  valve  within 
minutes  after  launch,  the  spacecraft  began  to  spin 
about  its  vertical  axis  The  combined  efforts  of  a 
US AK  and  industry  team  during  the  period  from 
September  1976  to  March  1977  produced  a software 
telemetry  command  sequence  that  eventually  per- 
mitted stabilization  of  the  spacecraft  and  allowed 
data  transmission  on  March  26.  1977.  The  FI  MFR 
sensor  transmitted  COs.  HsO.  and  Oj  data  until 
September  1977.  but  postanalysis  of  the  data  stream 
indicated  sensor  degradation  and  COs  channel 
failure  during  the  period  July  15-29.  1977. 

The  F2  MI  R sensor  achieved  an  835-km-altitude 
orbit  on  June  5.  1977.  This  sensor  orbits  with  a view 
near  the  day-night  terminator  and  a local  early- 
morning  ascending  orbit.  The  first  MFR  data  were 
transmitted  from  the  sensor  on  July  1 1 . 1977.  An  F3 
MFR  sensor  will  be  launched  in  early  1978.  It  will 
be  identical  to  those  on  the  FI  and  F2  satellites. 

Figure  63  indicates  the  location  of  all  cross-track- 
scan  total  ozone  observations  over  the  northern 
hemisphere  taken  by  the  FI  MFR  on  June  20.  1977. 
On  this  date  approximately  31.000  observations 
were  made  over  the  northern  hemisphere.  This  is 
10 % fewer  observations  than  the  theoretical  max- 
imum of  33,750  over  a hemisphere.  Note  the  high 
density  of  data  over  the  polar  region.  It  is 


theoretically  possible  to  obtain  14  total  ozone  ob- 
servations every  24  hours  at  the  highest  polar 
latitudes  (an  ozone  observational  rate  of  once  per 
1.7  hours).  Figures  64  and  65  indicate  the  optical 
schematic  of  the  sensor  and  the  data  flow,  respec- 
tively (Nichols  1975).  Note  that  the  ozone  channel 
at  1022  cm  '*  makes  six  times  as  many  observations 
as  any  of  the  other  channels  during  a given  at- 
mospheric sounding. 


3.3  Data  Quality  Control 

A SOAC  Satellite/ Dobson  Calibration  Program 
to  relate  the  SOAC  satellite  ozone  data  to  the  Dob- 
son ozone  data  has  been  established  to  provide 
quality  control  for  the  satellite  total-ozone  observa- 
tions. SOAC  has  carefully  analyzed  the  data  from 
the  approximately  100  active  Dobson  stations  in  the 
world  ozone  network  and  from  them  has  selected  a 
high  quality  subset  to  participate  in  the  quality  con- 
trol program.  Thirty-three  selected  Dobson  obser- 
vatories have  agreed  to  participate  in  the  SOAC 
program  (see  Fig.  66).  These  stations  were  not  se- 
lected for  their  geographical  location,  but  on  the 
basis  of  quality  of  observation.  The  Dobson- 
observatory  geographical  coverage  extends  from 
90°S  to  75°N  (Fig.  66).  The  greatest  data  density  is 
over  North  America.  Furope.  and  in  the 
Australian-New  Zealand  area  As  many  as  five  ad- 
ditional observatories  may  be  added  to  our  program 
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/ ifurr  rt.t  l ocations  of  total  o/one  observations  in  the  northern  hemisphere  taken  h>  the  MKR  on  DMSP  Satellite  K I on  June  20.  1077. 


ligurr  fi4  Optical  schematic  of  the  ozone,  temperature,  and  nater-tapor  detectors  in  the  \IFR  sensor  (Nichols  |»7Xi. 


in  1978,  pending  the  results  of  the  1977  Boulder 
Dobson  Intercomparison  program. 

SOAC  has  obtained  NASA/NOAA  software  for 
satellite  orbit  prediction  and  has  modified  the 
coding  for  specific  use.  SOAC  has  an  agreement 
with  the  NORAD  (Colorado  Springs)  satellite- 
tracking facility  to  provide  orbital  elements  of  the 
DMSP  satellites.  These  parameters  are  used  with 
modified  prediction  software  to  produce  a predic- 
tion of  the  daily  passage  of  the  MFR  sensor  over 
each  of  the  Dobson  stations  participating  in  the 
SOAC  program.  An  example  of  the  prediction  sent 
to  the  participating  stations  is  shown  in  Fig.  67.  in- 
dicating the  overhead  passage  time  of  the  MFR  sen- 
sor for  each  day  of  the  month  for  the  Dobson  obser- 
vatory in  Hohenpcissenberg.  Germany. 

All  observatories  in  the  SOAC  Satellite /Dobson 
Calibration  Program  network  receive  the  satellite 


prediction  times  at  monthly  intervals.  These  obser- 
vatories have  agreed  to  transmit  their  total  o/one 
observations  at  weekly  intervals  by  either  telex  or 
air  mail.  An  example  of  the  type  of  observation 
taken  at  a typical  observatory  by  the  Dobson  spec- 
trophotometer can  be  seen  in  Fig.  68.  Information 
from  the  Flohenpeissenberg  observatory  includes 
the  total  ozone  amount  (in  units  of  nvatm  em).  the 
background  against  which  the  observation  was 
taken,  the  specific  uv  wavelength,  and  the  optical  air 
mass.  These  data  from  the  global  SOAC  Dobson 
network  are  integrated  into  the  SOAC  data  base 
continually. 

A communique  was  begun  in  August  1977  ini- 
tiating a dialogue  between  SOAC  and  the  par- 
ticipating Dobson  observatories.  The  communique, 
referred  to  as  the  SOAC  Bulletin,  is  issued  at 
monthly  intervals  and  provides  a frequent  update  to 
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those  in  the  ozone  community  interested  in  learning 
of  research  at  SOAC'  and  those  individuals  outside 
of  SOAC'  interested  in  communicating  their  recent 
results  or  comments  on  programs.  As  an  example, 
the  September  1 977  SOAC  Bulletin  was  used  in  part 
bv  the  World  Meteorological  Organisation  (W  MO) 
to  communicate  to  the  community  the  stations  that 
participated  in  the  Dobson  intercomparison  tests. 
These  instruments  were  designated  in  August  1977 
as  area  secondary -standard  instruments  by  the  In- 


ternational Ozone  Commission  (IOC),  and  the 
W MO  in  the  SOAC  Bulletin  urged  that  all  Dobson 
spectrophotometers  not  participating  in  the  inter- 
comparison  should  calibrate  against  the  secondary 
instruments  as  soon  as  possible 

In  addition  to  the  special  Dobson  observations 
taken  at  the  participating  observatories,  a smaller 
set  of  observatories  has  agreed  to  launch 
o/onesondes  simultaneous  with  the  passage  of  the 
MFR  sensor  The  first  of  these  simultaneous 
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SATELLITE  OZONE  ANALYSIS  CENTER  (SOAC) 

ORBITAL  PREDICTION  TIMES  FOR  SATELLITE  OZONE  SENSOR  (F2) 
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TIMES:  GREENWICH  MEAN  TIME 


DATE 

HR 

MIN 

SEC 

DATE 

HR 
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SEC 
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4 

41 
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86 

1 

6 

20 

0. 79 

2 

6 

4 

5 

89 

2 

0 

0 

0. 

3 

5 

47 

10. 

97 

3 

0 

0 

0. 

4 

5 

31 

16. 

04 

4 

0 

0 

0. 

5 

5 

14 

21 

08 

3 

0 

0 

0. 

6 

4 

37 

26 

10 

6 

0 

0 

0. 

7 

4 

41 

31  . 

1 1 

7 

6 

20 

10.04 

6 

6 

4 

13. 

03 

8 

0 

0 

0. 

9 

3 

47 

19. 

99 

9 

0 

0 

0. 

10 

3 

30 

24 

94 

10 

0 

0 

0. 

1 1 

3 

14 

29 

88 

1 1 

0 

0 

0. 

12 

4 

37 

34. 

79 

12 

0 

0 

0. 

13 

4 

41 

39 

68 

13 

6 

20 

18.60 

14 

6 

4 

23 

48 

14 

0 

0 

0. 

15 

3 

47 

28 

33 

13 

0 

0 

0. 

1 6 

5 

30 

33 

17 

16 

0 

0 

0. 

17 

3 

14 

37. 

99 

17 

0 

0 

0. 

10 

4 

37 

42. 

79 

18 

0 

0 

0. 

19 

4 

41 

47 

57 

19 

6 

20 

26  49 

20 

6 

4 

31 

23 

20 

0 

0 

0. 

21 

3 

47 

33 

99 

21 

0 

0 

0. 

22 

3 

30 

40. 
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22 

0 

0 
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23 

3 

14 

45. 

43 

23 

0 

0 

0. 

24 

4 

37 

50 

1 1 

24 

0 

0 

0. 

23 

4 

41 

34 

79 

23 

6 

20 

33.69 

26 

6 

3 

36 

34 

26 

0 

0 

0. 

27 

3 

47 

42. 

97 

27 

0 

0 

0. 

28 

3 

30 

47. 

38 

26 

0 

0 

0. 

29 

5 

14 

32 

18 

29 

0 

0 

0. 

30 

4 

37 

36 

76 

30 

0 

0 

0. 

31 

4 

42 

1 . 

31 

31 

6 

20 

40.21 

/ ifurr  A'  K sample  nf  Ibe  predictions  supplied  to  each  participating  Dobson  ohsenators  of  the  times  when  the  satellite  will  be  overhead. 
This  printout  shows  the  predicted  passage  times  for  DMSP  Satellite  Kl  mer  the  Dobson  obsenators  in  Hohenpeissenbevg.  (ierman.  for  the 
month  of  Octobrr  I <77. 
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proximity  of  the  satellite  Mf  R field  of  view,  the 
Ml  R observation  angle,  and  other  variables  This  is 
the  first  time  that  satellite  o/onc-sensor  calibration 
has  been  attempted  on  a global  scale  It  should 
answer  many  questions  that  have  been  raised  in  the 
past  with  tegurd  to  calibrating  satellite  o/one  data 
against  spectrophotometer  observations  not  m 
multaneous  in  time  or  space  Most  Dobson  obser- 
vations taken  by  the  participating  Dobson  obser- 
vatories arc  within  five  minutes  of  the  satellite 
pussage  time  This  precise  time  coincidence  should 
allow  most,  if  not  all.  of  the  24-hour  baroclinic 
vagaries  to  be  eliminated 

3.4  \1KR  Data  Processing 

1 he  processing  of  the  M ! K raw  spectral  data  to  a 
final  total-o/one  value  requires  progressive  steps  in 
the  technique  development  phase  1 he  first  stage  ol 
development  was  to  compare  atmospheric  gas 
transmittanccs  determined  from  a random  bund 
model  against  calculations  of  high  resolution  line 
by-line  integration  \n  example  of  tlw  line-by-line 
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results  is  shown  in  1 ig.  This  is  for  a high- 
altitudc.  low-pressure  ease  Smoothing  has  been 
achieved  using  a triangular  siit  function.  This  phase 
of  development  determined  which  spectral  intervals 
could  be  processed  using  the  band  model  and  w hich 
required  the  line-b> -line  integration  technique 
The  second  stage  of  technique  development  was 
focused  toward  the  selection  of  high-qualuv  vertical 
o/one  data,  well  distributed  both  hv  latitude  and 
season  The  selection  was  made,  for  example,  from 
12  ozonesonde  soundings  in  Antarctica  and  12 
from  Northern  Canada  (high-latitude  cases).  12 
ozonesonde  soundings  from  Panama  (tropical  set). 


and  12  ozonesonde  soundings  from  llohenpeissen 
berg  (middle-latitude  location)  These  soundings  are 
assimilated  together  and  run  against  the  band 
model  and  line-bv-line  calculations  to  produce  a 
variety  of  multilevel,  multilatitudmal  models 
\pproximaiclv  6000  ozonesondes  are  archived  in 
the  SO  AC  data  base.  These  consist  of  data  from 
numerous  observatories  around  the  world  that 
began  taking  vertical  ozone  soundings  in  the  early 
l%Os.  A large  number  of  these  soundings  are 
utilized  to  generate  statistics  for  regression  and 
eigenvector  analyses  with  various  seasonally  and 
latitudinally  dependent  distributions 


I itturr  ’ll  Tttt  NOX(  global  ozone  data  Hill  be  presented  in  ■ lorm  similar  to  the  above  plot,  which  shows  the  average  disirihulion  of  total 
ozone  from  XpcH  I*  to  Jolt  21.  I%4,  for  the  northern  hemisphere  Shading  represents  total  ozone  values  less  than  2411  m atm  cm  1 1 ovill 
W«v 


SO 


The  final  Mage  of  the  technique  development  will 
involve  generation  of  large  samples  of  simulated 
measurements  for  the  desired  MKR  channels 
through  the  use  of  transmittances  for  individual 
profiles  of  atmospheric  gases  and  temperature,  and 
the  development  of  the  statistical  regression  equa- 
tions relating  the  measurements  to  total  ozone. 

3.5  Data  Analysis 

A computer  spline  analysis  will  be  performed  on 
the  approximately  68.000  final  processed  total- 


ozone  values  obtained  daily.  The  data  will  be  dis- 
played in  a graphical  form  similar  to  that  shown  m 
fig  70  and  will  also  be  tabulated  in  a global  2°  grid 
Processed  ozone  values  wuh  spatial  and  temporal 
locations  will  be  available  on  tape  to  all  interested 
agencies.  A master  software  program  is  being  writ- 
ten which  will  sequentially  run  the  six  programs  in- 
volved in  the  data  calibration,  processing,  quality 
control,  and  spline  analyses  in  a production  mode 
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APPENDIX  A 

CHANGES  TO  THE  1-D  TRANSPORT-KINETICS  MODELS 


In  the  past  year  a number  of  changes  have  occurred  in  the  series  of  theoretical  models  used  at  LLI.  to 
study  tropospheric  and  stratospheric  chemistry.  These  changes  are  discussed  below. 

1.  C ode  Development 

The  l-D  transport-kinetics  models  for  diurnal  and  time-dependent  calculations  have  been  redesigned  to 
increase  user  efficiency.  Whereas  we  formerly  had  to  choose  from  one  of  three  different  codes  to  calculate  an 
atmosphere,  selecting  the  code  according  to  the  assumed  level  of  chlorine  in  the  atmosphere — zero  chlorine,  or 
background  chlorine  (due  to  CHjCI  and  CCI4),  or  levels  of  chlorine  predicted  on  the  basis  of  prescribed 
growth  rates  for  F- 1 1 and  F- 12 — we  now  have  a single  code  that  handles  all  three  cases.  The  user  decides  at  the 
beginning  of  a run  which  case  to  be  used.  I/O  (input/output)  efficiency  was  also  improved  in  the  redesigned 
code.  These  improvements  have  decreased  the  amount  of  user  and  computer  time  necessary  to  set  up  and  per- 
form a calculation. 

In  addition,  a new  code  was  developed  which  takes  chemical  equations  and  puts  them  into  the  forms  re- 
quired by  the  model.  This  code  makes  future  changes  to  model  chemistry  much  simpler. 

2.  Chemistry  Changes 

T able  A- 1 show s kinetic  rate  changes  that  have  occurred  in  the  past  year  as  well  as  a comparison  w ith  the 
chemistry  used  in  1973  and  1974  (as  discussed  in  Section  2.7  on  the  effect  of  past  nuclear  tests).  One  reaction 
presently  included  in  recent  model  calculations  (i.e..  Section  2.9)  is  the  pressure-dependent  rale  for  CO  + 
OH  -•  COi  + H.  7.3  X In  addition,  the  absorption  cross  sections  for  H^Oi  and  HC1  were  modified  to 

the  recommended  values  in  Hudson  (1977). 

3.  Boundary  Conditions 

Due  to  changes  in  model  cnemistry  (especially  changes  in  rate  coefficients  for  HO;  + NO  and  CO  + 
OH),  the  lower  boundary  conditions  for  some  of  the  species  in  the  model  have  changed.  New  surface  values 
(in  molecules/cm  ')  for  some  of  the  more  important  species  are  listed  below: 


NO-, 

2.3  X 10g(<0.1  ppb) 

NO* 

9.0  X 10 8 

OH 

1.5  X I06 

O, 

9.7  X 10" 

HiO-> 

7.0  X 10  10 

HO-,* 

2.7  X I08 

n,o 

8.2  X 10  12 

HNO, 

1.6  X 10  10 

CH4 

3.34  X 10” 

HCI 

2.55  X 10  10 

Heterogeneous  removal  of  HiOi  at  altitudes  from  the  surface  to  8 km  with  a lifetime  of  five  days  is  now 
included  in  the  model.  Previously,  such  removal  processes  were  included  for  only  NCK  HNOj.  and  HCI. 

4.  Physical  Improvements 

Multiple  scattering  is  now  an  integral  part  of  the  model  and  is  included  in  all  calculations.  Diurnal 
averaging  is  also  now  included  in  the  model  as  standard  procedure  for  future  calculations 
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Table  A-l.  Changes  from  1973  through  1977  in  chemical  rate  constants  used  in  LLL  computer  simulations  to  study  tropospheric  and  stratospheric  chemistry.  Asterisk  (*) 
indicates  multiple  scattering  effects  are  included,  N.l.  indicates  the  reaction  is  not  included  in  the  model.  QJ's  arc  photodissociation  rate  coefficients. 
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